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A DECISION a TO v 
CONTRACTUAL MAINREXANCE 
James Grant Fulgnam 


University of Pittsburgh, 1975 


oueeeneeteonds in plant maintenance in both govern- 
ment and industry indicate a strong impetus toward contrac- 
tual maintenance (CM). As plant processes continue to be- 
come more sophisticated and pollution control requirements 
add additional new processing responsibilities to the exist- 
ing ones, owners are turning to CM to reduce capital expend- 
itures, reduce operational downtime, and obtain required 
skills to perform specialized maintenance services. Deci- 
Sions to procure complete contractual maintenance services 
have been deterred, however, by the inability of plant own- 
ers to develop a priori estimates of major maintenance re- 


quirements for the contract period and to describe the re- 
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quirements in a complete set of plans and specifications. 
Accordingly, in order to maintain control over the contract 
forces and ensure that plant maintenance policies are car- 

' ried out, most plant owners procure CM through labor broker- 
age contracts, on a unit cost basis, or enter into cost-plus 
arrangements that allow limited supervision of CM forces by 
the owner. 

Plant owners are now faced with the dilemma of re- 
quiring complete CM services from outside sources on the one 
hand, and ensuring that plant maintenance policies are ful- 
filled without an a priori description of each potential 
maintenance act to be performed on the other hand. In order 
to solve the dilemma, since there can be no a priori assess- 
ment of the ultimate scope of work that may be needed during 
the contract period, a contract basis is required that ex- 
erts a legally enforceable obligation on the contractor to 
generate the plant maintenance requirements through continu- 
ous inspections during the contract period, to plan and es- 
timate the resources required to fulfill each requirement as 
it arises, and to subsequently schedule the performance of 
the work in accordance with priorities establisned by plant 
maintenance policy. Since the contract bids or proposals 
Will tend to be in proportion to the subjectively assessed 
risk involved, the contract should be low risk but at the 


same time it should provide incentive to maintain the plant 





in accordance with plant maintenance policy. 

An existing maintenance contract that approaches 
the proposed format is analyzed as it applies to generation 
of work, planning, and scheduling. The key feature missing 
from the contract analyzed is the decision model required 
to control job priority and scheduling decisions and ensure 
compliance with plant maintenance policy. 

A decision model is developed for the contract being 


analyzed and implementation of the revised contract is dis- 


cussed. 

DESCRIPTORS 
Assessor Bid items 
Contractual maintenance Decision theory 
Efficiency Incentive 
Level of maintenance Maintenance management 
Plant Priority 
Production Quality control 
Reliability Reward structure 
Scheduling Subjective probability 


Threshold evaluation Utility 
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1.0 INTRODUCTION 


1el General 


Each year as pollution control statutes become in- 
creasingly more stringent in the application of effluent 
standards, government and industry find it necessary to 
build new sophisticated treatment plants or to add addition- 
al new equipment to existing treatment plants to process 
their refuse and waste effluent. This marked increase in 
process requirements has come at a time when the nation is 
in a continuing period of rapid technological change. In 
many cases, the agencies or industries involved have been 
unable to obtain “in-house” the quantity and quality of man- 
power and equipment needed to facilitate the technological 
changes or meet the new procesSing requirements. According- 
ly, one solution to this problem has been to procure the 
needed services from contract sources. A major service area 
that has achieved a great increase in contract procurement 
has been plant acdumeememneos te 

Although contractual maintenance (CM) is widespread, 
this area of contracting is the subject of great controver- 
sy. In order for contractual maintenance to be a viable 


*Parenthetical references placed superior to the 
line of text refer to the bibliography. — 





alternative to force account. maintenance its implementation 
should ccst no more than the initial manpower and capital 
equipment acquisitions, manpower development, and subsequent 
operational expenditures necessary to perform the service by 
force account. Moreover, the owner's interests should be 
protected at least as well as they are perceived to be pro- 
tected through force account maintenance. However, there is 
evidence that many plant owners do not believe that CM will 
cost less and protect their interests as well as force ac- 
count maintenance and there is, therefore, a great deal of 
resistance to comolete CM by those owners. 

A clearer view of the CM controversy can be gained 
when one analyzes the nature of plant maintenance and the 
existing contract arrangements commonly used to fulfill the 
plant maintenance requirements. 

By nature, plant maintenance covers two areas of 
maintenance action commonly called preventive maintenance 
(PM) and corrective maintenance. PM requirements can be an- 
ticipated a priori** and corrective maintenance requirements 
cannot. In this regard, since corrective maintenance re- 
quirements cannot be anticipated a priori with certainty, 
the maintenance decision maker is faced with uncertainty 

*Maintenance carried out by plant owner employees 
and equipment. 


**Before the fact. 





when estimating the expected cost of maintaining the plant 
for the next maintenance period. Accordingly, contractors 
preparing a proposal for a CM service must perceive this 
uncertainty as a "risk" and when faced with a contractual 
pricing arrangement that places the plant maintenance risk 
on them, the contractors must assign an expected value to 
that risk and include it in their proposal. Depending on, 
the degree of risk assigned to the contractor, then, the 
owner will pay an immediate premium for the contractor's 
risk that would not necessarily arise as an explicit immed- 
late cost in force account maintenance. 

Because of the risk premium implied in any "fixed- 
price” contract many owners who desire CM services have pro- 
cured these services through "cost-plus” agreements whereby 
the owner pays the contractor all of his costs plus some 
agreed upon profit. Obviously, this type of pricing arrange- 
ment provides little incentive for the contractor to reduce 
costs or protect the owner's interests since his profit is, 
in most cases, not affected by those factors. 

In order for complete CM to be a viable alternative 
to force account maintenance, a contract framework with a 
low-cost pricing arrangement (relative to the force account 
alternative) and controls that protect the owner's interests 
must be provided. Since the contract cost will be in direct 


proportion to the contract risk assessed by the contractor, 





a more descriptive statement of the contract framework re- 
quirements would be (a) low contractor risk and (b) protec- 
tion of owner interests. 

Considering the low contractor risk requirement on 
the contract framework and the uncertainties inherent in 
plant maintenance, it is apparent that the fixed-price pric- 
ing arrangement would not meet the low risk test. Similarly, 
the need to control costs and protect the owner's interests 
obviates the cost-plus pricing arrangement. Obviously, then, 
Since these two pricing arrangements comprise the opposite 
poles of pricing arrangements, a contractual framework must 
be developed that includes a pricing arrangement that falls 
optimally between these two poles. In this regard, a frame- 
work is implied that should tend to minimize contractor risk 
and maximize protection of owner interests. 

Since the contract framework proposed to be developed 
must be low cost and protect the owner's interests relative 
to any alternative force account framework, it is logical to 
assume that the contract framework might be constructed sim- 
ilar to a successful force account framework for plant maint- 
enance. A contract is nothing more than an agreement (oral 
or in writing) between two parties wherein one party agrees 
to provide goods or services to another party in return for 
other consideration. Allegorically, a contract between a 


plant owner and a contractor is similar to an employment 





agreement between an employer and an employee. In the con- 
text of plant maintenance, the owner's employees have agreed 
to provide the services needed in return for their pay. It 
1S axiomatic in force account plant maintenance that the 
quasi-systems analysis approach to maintenance, termed 
“maintenance management," is used to protect the owner's 
interests. 

Within the maintenance management system, the deci- 
Sions to be made under uncertainty in regard to corrective 
maintenance are controlled by owner guidelines and informal 
decision models expressed as plant maintenance policy. The 
employees have incentive to make decisions that are in the 
owner's interests because wrong decisions could result in 
dismissal and right decisions could result in promotion. 

In the force account framework, costs are relatively low 
Since the owner pays no immediate risk premium and the own- 
er perceives that his interests are protected to the extent 
that his employees are motivated by the explicit or implicit 
incentives that he provides then. 

It would appear, then, that a complete CM framework 
could be developed that would merge the systems analysis 
concept of maintenance management, an owner decision model 
to control decisions made under uncertainty, and a contrac- 
tor incentive feature. Both maintenance management and 


contractor incentive concepts have been and are being 





applied to CM. The use of owner-derived decision models 
has had successful application in industrial production 
scheduling and other areas similar to maintenance decision 
making. 

Because of the risk premium involved in fixed-price 
contracts most CM clients procure CM through cost-plus 
agreements and protect their interests by maintaining direct 
control over work scheduling or providing direct supervision 
of contractor forces. Even with CM agreements that include 
the features of maintenance management and contractor in- 
centive, the owners feel that they must maintain control 
over work DeLOrIty assignment in order to protect their in- 
terests. Indeed, most of the criticism of the complete 
contractual maintenance concept centers around one issue: 
How to resolve autonomous contractor decisions with owner 
interests. ‘7? 

It is reasonable to assert that the merging of the 
concepts of maintenance management, owner-derived decision 
model, and contractor incentive into a single contract frame- 
work will provide a framework superior to the existing cost- 
plus framework for the following reasons: 

(a) most existing frameworks provide no ceiling on 
costs, proposed framework will; 

{b) existing frameworks require active owner super- 


vision of contractor forces to protect his interests, pro- 





posed framework would disengage owner from contractor; and 

(c) most existing frameworks provide little incen- 
tive for contractor to improve plant performance, proposed 
framework will. 

The literature contains much information on the 
theory of maintenance management and incentive contracts. 
Since these subjects are adequately covered elsewhere, it 
is the purpose of this thesis to develop a CM work priority 
_ assessment and scheduling model that will approach a resol- 
ution of the contractor decision versus owner interests 
dilemma. Additionally, the rationale for merging the con- 
cepts of maintenance management, decision model, and con- 
tractor incentive into a comprehensive improved CM framework 


will be developed and recommendations made for implementation. 


1.2 Objective 


The objective of this thesis is to develop a work 
priority assessment model for a complete contractual maint- 
enance agreement for the maintenance of a 750,000 gallon- 
per-day multistage flash evaporator. The role of the model 
in melding the systems analysis concepts cf maintenance 
management and the motivational concepts of contractor in- 
centive into a comprehensive contractual framework shall be 


discussed, 





1.3 Significance 


The contractual maintenance dilemma as perceived by 
a client was best expressed by Mr. Donald Wanner, Chief 
Engineer, Columbia Nitrogen Corp., during a round table 
discussion of the pros and cons of CM in which he sang he! 

"The discussion here stresses the fact that 

the owner must maintain some continuity for 

control purposes in the maintenance opera- 

tion. This almost demands that we go the 

route of sometning less than total CM. Only 

in this way can you have the necessary inter- 

face between the contractor and the owner to 

the extent that the owner can maintain the 

direction and control of the overall mainte- 

nance function and the contractor can handle 

the day-to-day sltuations.” 
Although there 1S a propensity on the part of many plant 
owners to procure complete CM services, they often fall 
short of their desires because of issues similar to the ones 
raised by Mr. Wanner. In general, plant owners are advised 
to enter CM agreements only 1f the maintenance work being 
considered meets the following poncueona 

(a) work under consideration can be identified by 
some measurable unit (cubic yard, etc.) to enable a contrac- 
tor to formulate a bid: 

(bd) the work can be estimated in advance to insure 
that bids received are reasonable; 

(c) the work can be described adequately by a set 


of plans and specifications; 





(d) the work can be scheduled, and contract time 
calculated; 

(e) technical expertise is available among possible 
successful bidders; 

(f) a demand exists for the contractor industry to 
enter into maintenance contracts. 

The usual result has been that plant owners are un- 
able to fulfill one or more of the conditions and they re- 
sort to something less than complete CM as supported by Mr. 
Wanner's statement. 

The most common Cli framework used is the maintenance 
management approach with owner control of work priorities 
and a cost-plus pricing arrangement. This approach provides 
little incentive for cost reduction, efficiency, or per- 
formance improvements, and requires the owner's direct par- 
ticipation in the day to day maintenance activity of the 
contractor. 

The significance of this study is that it proposes 
a way to extract the owner from involvement in the day to 
day plant maintenance activity and to provide motivation 
for the contractor to reduce costs and improve efficiency 
and plant performance. The system proposed in this study 
offers a viable alternative to the labor brokerage or owner 
supervision agreements usually entered when a firm perforn- 


ance specification for CM cannot be produced. The most 
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significant feature of the model developed in this work is 
that when considered in the context of complete CM it ap- 
proaches a resolution of the autonomous contractor decisions 
versus owner interests dilemma. 

In developing the model and framework for complete 
CM, the three basic components proposed for complete CM, 
i1.e€., maintenance management, decision model, and contrac- 
tor incentive have each been used in situations applicable 
to plant maintenance. Although maintenance management and 
contractor incentives have been used directly in maintenance 
contracts, there is no evidence that an owner-derived deci- 
Sion model has been used in CM. However, owner-derived 
decision models have been successfully used in industrial 
production scheduling and it is therefore reasonable to as- 
sert that similar models can be applicable to maintenance 
scheduling. Since there is no evidence that a practical 
application of the owner-derived decision model concept 
has been made in CM no direct data can be provided to sup- 
port the contention that such a model can protect the own- 
er’'s interests. 

Without prima facie evidence, however, a strong 
case can still be made in support of the owner-derived 
model concept in CM based on successful applications of 
such models in other areas. It shall be asserted in this 


thesis that maintenance decision making is not unlike any 
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other type of decision making. The decision maker first 
Searches the environment for alternative situations calling 
for decisions, he plans for the acquisition of resources 
necessary to satisfy each alternative, then he selects an 
Optimal act from the set of alternatives for accomplishment. 
Managers follow this procedure in maintenance management, 
production control, and any other scheduling process, It 
seems logical to assert, then, that if a particular deci- 
sion making concept has proven useful in one scheduling 
process, then, it should tend to be equally useful ina 
Similar process. 

Based on the rationale presented abcve, the owner- 
derived decision model is considered a Viable concept for 
CM insofar as it has been used successfully in industrial 
production scheduling. An in-depth analysis of the owner- 
derived model and the viability of such models is presented 


in Chapters 4 and 5. 


1.4 Methodology 


A firsthand knowledge of the administrative prob- 
lems and deficiencies encountered with maintenance contracts 
was obtained during an assignment involving the administra- 
tion of the operation and maintenance contract for the Com- 
bined Seawater Conversion and Power Plant, Guantanamo Bay, 


Cuba, from 1971 to 1973. This experience indicated that 





We 


the contract client (the U.S. Navy) desired a complete con- 
tractual maintenance service, but fell short of this goal 
due to the administrative difficulties that arose from the 
ambiguity inherent in allowing autonomous contractor sched- 
uling decisions and at the same time attempting to ensure 
that plant maintenance policy was fulfilled. Subsequent 
research has determined that the desire for complete CM 
services is widespread but that the procurement of these 
services is impeded by the same dilemma that faced the Navy 
at the Guantanamo plant. 

This work proposes a possible way to resolve the 
dilemma faced by CM clients. Based on the experience with 
the Guantanamo contract, research was conducted into the 
overall magnitude of the problem as follows: 

(a) current literature including trade journals, 
publications of professional societies, periodicals, and 
textbooks was reviewed; 

(b) interviews with engineers and managers at the 
federal and local levels and with industry were conducted; 

(c) a review was made of the lessons learned from 
the Guantanamo contract. 

The system for a resolution of the CM problem is developed 
using proven maintenance management, decision theory, and 
contractual incentive principles derived from research in 


the publications of professionali societies, periodicals, 





ij 


and textbooks. 

Chapter 2 provides the background for the thesis 
and qualitatively defines the current contract maintenance 
dilemma. Chapter 3 provides the reader with an introduc- 
tion to maintenance management and describes a proposed Cy 
framework using maintenance management principles. Chapter 
4 provides the essence of the thesis. In this chapter, a 
decision matrix, multi-attribute utility model is developed 
for making job priority decisions in the maintenance of an 
peeracing 750,000 GPD evaporator. This particular plant is 
chosen because of first hand knowledge and the fact that a 
Meader ical illustration of the decision theoretic principles 
can best be made using an existing plant. It will be shown 
in Chapter 4 that the assessment of subjective probabilities 
by the contractor plays a major role in the successful maint- 
enance of the plant. Therefore, Chapter 5 defines a system 
of bonuses and penalties that gives the contractor incen- 
tives to be honest in his assessment of the subjective prob- 
abilities. Finally, Chapter 6 concludes with a summary of 
the factors discussed in the thesis and provides a reconm- 


mended method of implementation of the system in a contract. 
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1.5 Limitations to the Methodology 


The contract maintenance controversy centers around 
the issue of how to resolve autonomous contractor decisions 
and owner interests. In order to minimize the magnitude of 
this dilemma, the first step toward solving it should be to 
Minimize the opportunities that a CM contractor would have 
to make decisions that might conflict with the owner's in- 
terests. One way to minimize the contractor's opportunities 
in this area is to develop a maintenance system that incor- 
porates programmed decisions vice unprogrammed decisions. 
For example, if the owner has a preventive maintenance sys- 
tem operational in his plant, the PM procedures and mainte- 
nance decisions involved in PM are programmed within the FM 
system. Each step 1s clearly written down. 

The adaptation of this decision opportunity minimi- 
zation principle in this thesis places certain limitations 
on the applicability of tne model to CM contracts in general. 
The following conditions should be met before consideration 
is given to adopting the model developed in this thesis: 

(a) the “plant” to be maintained is of adequate size 
and sophistication to warrant the development of a formal 
maintenance management program for its maintenance; 

(bd) the owner of the plant has a comprehensive 
Maintenance management system for the plant contained ina 


plant manual; 





= 


(c) manufacturers literature exists on all major 
plant compcnents; 

(d) a complete set of as-built plans and specifica- 
tions exists on all major plant components; 

(e) the plant is initially in good condition so 
that potential maintenance contractors would not anticipate 
undue maintenance risks in the preparation of bids; 

(f) either the contract is written for complete 
maintenance and operation of the plant, or maintenance and 
Operations are clearly separated in the contract specifica- 
tions so that there is no overlap or possibility of inter- 
ference between the operating forces and maintenance forces; 

(zg) contracting out of the complete maintenance 
service is not in violation of any existing fair labor laws, 
practices, or agreements with labor unions; 

(nh) all maintenance contractors are rational; 

(i) all maintenance contractors prefer more profit 


mo constant or less profit. 
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2.0 WHAT'S HAPPENING IN THE CONTRACT 


MAINTENANCE MARKETPLACE 


2.1 The Contract Maintenance Consumer Preference 


According to Oliverson, 


(5) 


"There is a general feel- 


ing that the next decade will see a steady growth in the use 


of contract maintenance to help maintain equipment that is 


continually becoming more 


sophisticated." Statistical evi- 


dence of the extent to which contractual maintenance is be- 


ing used in industry is provided in the results of a survey 


of 100 chemical process plants conducted by Mr. J.W. Sarap- 


oO) in 1969. It was determined that 90% of the plants 


had at one time used contract maintenance and 74% used con- 


tract maintenance to supplement plant forces at the time of 


the survey. In the plants using contract maintenance at the 


time of the survey, 20 to 
ment constituted contract 

The importance of 
cess plants is apparently 
questions are: What kind 


clients of CM prefer? If 


307%, of the plants' total employ- 
maintenance workers. 

contract maintenance (CM) in pro- 
well established. Some important 
of maintenance service do the 


CM clients were free to choose, 


would they opt for labor brokerage contracts or for complete 


contract maintenance? 


In order to obtain meaningful answers to these ques- 


tions, PLANT ENGINEERING conducted a contract maintenance 
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roundtable in June, 1972, with a representative panel com- 
posed of contract maintenance suppliers, contract mainte- 
nance users, an inplant maintenance advocate, and consult- 
ants. A representative opinion of a contract maintenance 


user is expressed by Mr. Truett Newbrough, President, Albert 


v2) 


Ramond and Associates, who states: 


"This is really the first time I've had a 
chance to hear contractors express themselves 
and it's very enlightening. I can't help but 
feel that the desirable thing would be for the 
contractor to take over the whole maintenance 
function and yet I think, from the practical 
standpoint of the user, this poses some ser- 
lous questions. He likes to keep that con- 
trol, including scheduling and some kind of 
control over stores, and so on.” 


Additional support for the view that the contractor should 


take over the whole maintenance function is provided by 


(7) 


Rohrmann: 


"At Getty Oil's Delaware City Refinery, con- 
tract maintenance is considered a professional 
service that supplies an adequately skilled 
labor pool, experienced engineering facilities 
and many other types of necessary, allied ser- 
Vices. This definition is given to eliminate 
any confusion with the ‘labor broker’ who mere- 
ly supplies manvower for disposition by the 
client's supervisory force supplementing the 
existing maintenance force for intermittent 
periods." 


Existing maintenance contracts are lauded for the degree to 


which they approach complete CM by Grey, ‘®) Oliverson, *?) 


(10) 


and Flesca. Most significantly, RCA's services division 


anticipates a broad market for a complete CM service and has 


coined a new term for complete CM -- "terotechnology". ‘+? 
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There appears to be a strong preference for complete 
CM services by many users. Although many owners are deter- 
red from procuring complete CM because of the contractor 
scheduling decision dilemma, there is evidence that existing 
practices and attitudes are changing and the trend is toward 


complete CM. 


2.2 Existing Practices and Attitudes 


Much of the literature on contractual maintenance is 
devoted to establishing necessary conditions and restrictions 


that must be met before a plant owner should make a con- 


(4) ORs, 


tracting-out decision. Price and Corsano recommend 


the following: 


"“(a) work under consideration needs to be 
identified by some measurable unit (cubic 
Ward, etc.) to enable a contractor to form- 
ulate a bid; 

(bd) the work must be capable of being esti- 
mated in advance to insure that bids received 
are reasonable; 

(c) the work must be capable of being de- 
scribed adequately by a set of plans and 
specifications; 

(d) the work must be capable of being sched- 
uled, and the contract time must be calcu- 
lated; 

(e) technical expertise must be available 
among possible successful bidders; 

(f) a demand must exist for the contractor 
industry to enter into maintenance contracts.” 


Martin‘ 13) analyzes present contracting practices 
for the Department of Public Works, City of Fresno, Cali- 


fornia, and cites svecific examples that show that the city 
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of Fresno considers the six principles listed in making con- 
tracting-out decisions. Previous bad experience in dealing 

with the contractor decisions versus owner interests dilem-~ 

ma is evident in the following statement by Mr. Martin: 


",.eeHow does the maintenance manager know 
whether a specialty contractor (elevators 

or air conditioning, for example) is sim- 

ply replacing parts, rather than really 
diagnosing trouble, whether he is doing the 
preventative maintenance necessary to obtain- 
ing maximum equipment life, and whether he 
has really tuned the equipment for optimum 
input-output ratios? we have had some bad 
experience with outside maintenance contracts 
on vehicles in which the contractor was mak- 
ing decisions based too much on what was 
needed to get him through the period of the 
contract...Can we permit a contractor to 

Make economic decisions for us regarding’ 
parts and schedules, and can we retain maint- 
enance management versonnel sufficiently 
knowledgeable on all technical details of a 
contract operation to protect the agency's 
interests? The career service public employ- 
ee must live with and be responsible for the 
results of his decisions, but most contracts 
are for fairly short periods." 


Most plant owners share Mr. Martin's concern over 
the contractor scheduling dilemma. However, the expected 
advantages of complete CM services to plant owners has pro- 
vided impetus to a movement to circumvent the contractor 
scheduling dilemma. The literature contains evidence that 
many plant owners are finding it advantageous to innovate 
new contracting approaches in order to procure complete CW 
services when one or more of the stated conditions for con- 


tracting-out cannot be met. A review of journal publica- 
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tions on several innovative contracts was conducted to 
determine if any innovative features were in common among 
the contracts or if each plant owner had developed a tech- 
nique that was suitable to fulfill only his specific needs. 
It was found that all of the surveyed successful complete 
CM contracts have one thing in common: The specification 
of the principles of maintenance management as part of the 
eontract. 


(14) 


Oliverson cites NASA's CM contract with Mason- 
Rust at the Michoud base in New Orleans. Mason-Rust per- 
forms the following Services at the base: maintenance, 
engineering, utilities, transportation, port operations, 
safety and security, photography, reproduction, communica- 
tions, medical, food and custodial service, supply, procure- 
ment, property records, and waste disposal. 

The contract includes the following specific mainte- 
nance management features: preventive maintenance program, 
planning and scheduling of work, technical field assistance, 
and cost control. On general repair work, no work request 
form is required -- Mason-Rust automatically moves in and 
does the job. When modifications are desired to improve 
tenant capabilities, a standard work order form is sent to 
the Mason-Rust Division Manager's office where it 1s evalu- 
ated for justification. If it is determined that the work 


is justified it is planned and estimated and sent to NASA's 
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facilities office for final approval. The division mana- 
Peeeeur. H.C. Bradford, states: ‘15? 

"The most important reason for the success of 

our operation is people. Get them enthusias- 

tic, get them involved, and no job is too big. 

Remember, no person is completely self-suffi- 

clent...We have to have the help of others to 

do our job well. This goes up the line right 

to our general manager." 

Although the contract is apparently cost-plus the 
above statement would indicate that NASA's interests are 
protected to the extent that Mason-Rust needs to maintain 
good will. The incentive to do a good job for NASA is bas- 
ically due to the need of the Mason-Rust personnel to be 
important to the functions supported. 


eo) ree the CM contract at Getty Oil's 


Rohrmann 
Delaware City Refinery. Specific maintenance management 
principles included in the contract are: a formal work ord- 
er system which requires a Getty supervisor's approval be- 
fore any work can proceed by the contractor; a planning and 
scheduling system, operated jointly, that insures efficient 
and economical usage of men, equipment, and material; a 
daily labor cost report that permits a comparison of actual 
performance against estimates; work sampling taken on a ran- 
dom basis jointly by Getty Oil and the contractor to check 
productivity; random checking of schedules to prove their 


effectiveness. Although the Getty Oil contract is cost- 


plus a percentage fee, Mr. Rohrmann suggests that the con- 
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tractor has the incentive to do a good job through the pos- 


Meo Lity Of losing the contract if he does not. 


(17) 


Grey provides suggestions on developing a main- 


tenance management contract based on his experience with 
Oxochem Enterprise, Ponce, Puerto Rico. A key suggestion 
by Mr. Grey is that a performance award feature be included 


in the contract. He says: 


"Develop a list of performance elements that 
you, your staff and your contractor consider 

to be lmportant as indicators of good mainte- 
nance. ‘Three or four basic divisions such as 
Planning, Management, Craft Skills, and Turn- 
around Execution can be broken down into sub- 
elements. ASS1gn weights to each element, with 
a total of 100. The final cumulative score will 
be something below 100 percent and can be used 
aS a basis for an additional performance bonus.” 


Mr. Grey has found CM rewarding. He feels that the more 
responsibility you assign your contractor with proper re- 


wards for performance, the more efficiently he will perform. 


(ig, 19) 


Flesca cites maintenance management princi- 


ples as features of an effective CM contract based on his 
experience as manager of contract maintenance for Catalytic, 
Inc., Philadelphia, Pa. He states: 


"In the final analysis, the short and long 
term success of a maintenance program will 
depend on how well the fundamentals of good 
maintenance practice are apolied. Invari- 
ably, excessive maintenance costs are di- 
rectly related to the abuse of basic elements 
of good practices, such as: 


1. A work request system for job delinea- 
Pronmanarautniorlzation. 
2. <A work planning function to chart the 
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course for maintenance activities. 

3. A priority system to control work 

sequence. 

4, <A maintenance department budget. 

5. A schedule to relate total authorized 

tasks to priorities, time, equipment out- 

age, and available manpower, and to estab- 

lish a logical flow of work." 

In order to provide incentive for the contractor to perform 
in the owner’s best interests, Mr. Flesca suggests that the 
contract should permit cancellation of services without ob- 
ligation on the customer's part. 

The contract techniques cited all contained a speci- 
fication of preventive maintenance, planning and estimating, 
scheduling, and a consideration of contractor incentive. It 
is reasonable to state, then, that for those plant owners 
desiring complete CM services there 1s a trend toward the 
inclusion of these maintenance management specifications in 
the contract. 

To gain a clear view of the importance of the inclu- 
sion of maintenance management principles in a complete CM 
contract, a particular example of a contract that experi- 


enced an evolution from the classical labor brokerage format 


to a complete CM format 1s analyzed below. 


2.3 The Guantanamo Contract Experience 


The U.S. Naval Base, Guantanamo Bay, Cuba, is lo- 


cated on the southern tip of Cuba about 900 miles south of 
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Miami, Florida, in the Caribbean Sea. Until 1964, tne Naval 
Base had received its water supply from a private Cuban con- 
tractor who pumped the water from the Yateras River near 

the base. In 1964, after a prolonged political confronta- 
tion between the U.S. and Cuba, the Cuban Prime Minister, 
Fidel Castro, terminated the water supply to the base. 
President Lyndon Johnson then ordered that the base be made 
self-sufficient for water and work began immediately to 
build a combined seawater conversion and power plant. 

In 1965, when the plant was completed, the Navy de- 
termined that because there was inadequate manpower with the 
necessary equipment and skills locally available to operate 
and maintain the plant, these functions could best be per- 
formed by contract. 

The original contract was essentially a labor broker- 
age contract whereby the contractor provided the number of 
personnel and skills negotiated for and the owner provided 
informal direction. In this type of contract, the Navy was 
able to maintain direct control over plant maintenance poli- 
cy and provide limited supervision over the contractor main- 
tenance forces. In this regard, the Commanding Officer was 
assured that his best interests were always being served in 
the area of plant maintenance. 

It was subsequently determined, however, that a con- 


tract of this type was a personal services contract and 
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might have been in violation of Navy regulations against 
such contracts. Therefore, the Commanding Officer was 
obliged to revise the contract procedures and relinquish 
plant maintenance control and work force supervision to 
contractor management. 

Since the contractor was thereby controlling plant 
maintenance with no guidelines to protect the Navy's inter- 
ests in the plant, it was recognized that a plant manual was 
required to outline specific maintenance procedures to be 
followed by the contractor. In 1968, a 5-volume plant man- 
ual was written, under separate contract, and when completed 
it contained all operation and maintenance procedures to be 
performed by the contractor. The plant manual was made a 
pare Of the contract. 

The contract had then evolved from the labor broker- 
age format through a stage in which the contractor controlled 
maintenance with minimum formal contractual guidelines to a 
stage in which the contractor controlled maintenance but in 
accordance with formal procedural guidelines. A key element 
was still missing: There was no formal maintenance manage- 
ment program specified in the plant manual. 

By 1971, an extensive backlog of maintenance and 
repair work had developed in the plant. However, the con- 
tractor was not formally planning and scheduling work and 


there was no explicit quantitative indication of the extent 





26 


of the backlog. The plant owner had received no management 
reports clearly indicating the amount of resources that 
should be allocated to plant maintenance. 

Operational difficulties directly related to plant 
Maintenance deficiencies were experienced in 1972 anda 
Study team was dispatched by the plant owner to determine 
the causes of the problem and make recommendations for the 


correction of deficiencies. A major recommendation from the 


final report of the team was the Fo liominetis 


"1. Rewrite Section II of the Desal Plant 
Contract to require the contractor to or- 
Zanize to fulfill the following maintenance 
management functions: 


continuous inspection; 
planning and estimating: 
Women. Control. 
material coordination; 
job scheduling; 
management reports.” 


PO I, Gm, 
Fh Oo ™@O oO 
eee Nee” Nee” See” See”? Se” 


This recommendation stemmed from the finding of the study 
team that the contractor was not performing maintenance 
management and that maintenance deficiencies were a direct 
result of that fact. 

The fiscal year 74 contract was written to include 
the six features recommended and action was immediately 
taken to update the plant manual to include a preventive 
maintenance inspection system and a formal maintenance man- 
agement program. Current indications are that due to the 


implementation of formal maintenance management procedures 
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in the contract and the fact that the contractor is obliged 
to follow those procedures, the plant is now being main- 
tained at a satisfactory level of aSagaaemee e, 
The Guantanamo contract experience provides testi- 
mony to the fact that when complete CM is desired by the 
owner of a plant, the basic principles of maintenance man- 
agement must be made a part of the contract specification. 
This statement is further supported by the successful com- 
plete CM practices of NASA, Getty Oil, Oxochem, and Cataly- 
ncn ornic., cited in Section 2.2. In this regard, te seems 
appropriate to develop a comprehensive definition of com- 
plete contractual maintenance in order to crystallize the 
facts determined thus far and establish a unified basis for 


understanding throughout the remainder of this thesis. 


2.4% Complete Contract Maintenance: A Definition 


As supported by the facts stated above, the princi- 
ples of maintenance management are so basic to the success- 
ful long-run maintenance of a facility that it is logical to 
define complete contract maintenance to include these prin- 
ciples. Therefore, complete contract maintenance is defined 
as the procurement by contractual agreement of the following 
services: 

(a) the continuous preventive maintenance inspection 


of all plant facilities and generation of inspection reports 
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on all major defects; 

(b) the planning and estimating of the correction 
of all reported defects; 

(c) the formal scheduling of the correction of de- 
fects in accordance with owner policy and within resource 
constraints; 

(d) the coordination and management of material 
procurement, expediting, storage, and security; 

(e) the performance of all work scheduled; 

(f) the administration of comprehensive management 
reports and follow-up. 

Each of these factors will be treated in more detail in 
Chapter 3 with emphasis on the first three factors. It 
should be noted here that the six maintenance management 
principles included in the complete CM definition are in 
agreement with the common elements of maintenance management 
systems recommended by sigieaneiaie ) Oe graeme Y Flesca,‘!?) the 


(22) (23) 


U.S. Navy, and those systems researched by Corsano, 


2.5 The Current Dilemma 


In order to establish a sound basis from which to 
develop the remainder of this thesis, it is important to 
review the points previously covered and project the logical 
implications of those points. First, it has been shown that 


the demand for contract maintenance is significant, particu- 
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larly in the private sector, and many plant owners prefer 
to have a contractor take the responsibility for the entire 
maintenance operation of their plant(s) rather than act as 
a labor broker. Second, it was shown that a number of plant 
owners, including both public and private agencies, have 
developed contracts that include the maintenance management 
fundamentals as performance specifications in order to as- 
sure a complete maintenance service and protect the owner's 
interests. Third, it was shown that most plant owners con- 
Sidering the procurement of a complete me renance: cervice 
oppose relinquishing scheduling authority to the contractor. 
Fourth, complete contractual maintenance was defined as the 
procurement by contract of the following six services: in- 
spection, planning, scheduling, material coordination, work 
performance, and management reporting. 

Tne key implication of these points is that plant 
owners who desire a complete CM service want to have a total 
gervice, including scheduling; the owners, however, See a 
risk in agreeing to contractor autonomy in the work schedul- 
ing area. The current attitude of owners is that to grant 
contractor autonomy in schedule decision making automatically 
implies a loss of owner control over plant maintenance poli- 
cy. Plant owners, therefore, face the dilemma of how to 
resolve contractor autonomy and owner interests. This is 


the essence of the contract maintenance controversy. 
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3-0 PROGRAMMING DECISIONS: A ROLE 
FOR MAINTENANCE MANAGEMENT 


3.1 General 


Given the definition of complete CM developed in 
Chapter 2, it is axiomatic that a complete CM contract will 
include the six fundamental principles of maintenance man- 
agement as performance specifications. It is not the goal 
of this chapter to justify the role of maintenance manage- 
ment in the protection of the owner's capital investment, 
Since this subject is adequately covered by Concent” 
Hall, '25) Mocunren (co) Saison bo tne Uso. Navy, §28) and 
many others. This chapter will analyze maintenance manage- 
ment as a decision making system and discuss the utilization 
of this system in complete CM. 

It is a simple matter to state that a complete CM 
contract should include the specification of continuous in- 
spections, planning, scheduling, material coordination, work 
performance, and management reports, but when one analyzes 
the implications of this statement several questions arise: 
inspect what and how often, schedule what work and how much, 
order what kind of materials, and so on. [In order to mini- 
mize these uncertainties on the part of the contractor the 
performance specifications in the complete CM contract must 


include built-in controls that provide answers to these 
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questions as they arise. 

The owner must provide a precise description of the 
maintenance management program that the contractor is to 
carry out in a source reference easily accessible by any in- 
terested party. Prior to the preparation of a competitive 
bid or proposal the contractor must be certain of what he 
will be obligated to do should he be the successful bidder. 

Insight into the logical structure of the maintenance 
management program.and, accordingly, the structure of the 
reference document describing the program, can be gained by 
flowcharting the sequential elements required in maintenance 
management. Figure 1 provides an illustrated view of the 
basic elements of a maintenance management system. A review 
of the sequential work flow in Figure 1 shows that it follows 
the same procedural structure as information flow in any man- 


(29, 30) 


According to Simon, manag- 


(31) 


agement decision process. 
ers approach decision making in three steps or activities: 

(A) The intelligence activity - the manager searches 
the environment for conditions calling for a decision. This 
is analogous to the preventive maintenance inspection element 
in maintenance management. 

(B) The design activity - the manager plans for the 
acquisition of resources necessary to take possible courses 
of action. This is analogous to the planning and estimating 


function in maintenance management. 
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(C) The choice activity - the manager selects a 
particular course of action from those available. This is 
analogous to the work input control function in maintenance 
management. The remaining functions of maintenance manage- 
ment are merely actions and follow-up resulting from the 
ehoice activity. 

Maintenance management has no unique characteristic 
that separates it from any other type of management decision 
making. Therefore, the plant owner can frame the descrip- 
tion of his maintenance management program so that the con- 
tractor initiated work flow will follow the same logical 
steps that the owner would use in making maintenance deci- 
Sions. In most cases, maintenance management programs for 
new plants are developed during or soon after plant con- 
struction and are incorporated into a comprehensive opera- 


(32) 


tion and maintenance manual for the plant. It is a 
Simple matter to revise the plant manual for contractual 
purposes and reference it in the detail specifications of 


the contract. 


Bo 2 bance Manuva) 


Maintenance management is essentially a management 
decision making process. To protect the owner's interests, 
it is important that as many maintenance management deci- 


sions as practical be programmed within the contract speci- 
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fications. It is asserted that the reduction of the oppor- 
tunity for the contractor to make autonomous maintenance de- 
cisions contributes to the goal of protecting the owners’ 
interests. Owner guidelines should be available to tell the 
contractor where, when, how, and under what conditions to 
make maintenance decisions. To answer these basic questions, 
a unified source document containing the plant inventory and 
the maintenance management program is necessary. Most plants, 
whether maintained by contract or force account, will have 
this information contained in a plant manual. | 

For an illustration of some of the information that 
should be included in a plant manual, Appendix A provides a 
detailed description of the planned maintenance management 
system for the 18-mgd Lower Potomac Wastewater Treatment 
Plant of Fairfax County, Virginia. Since the U.S. Environ- 
mental Protection Agency proposes this system as a “model 
maintenance management program for wastewater treatment 
plants throughout the United States,"' 22) it is reasonable 
to adopt the framework of this system for generalizations 
about the incorporation of maintenance management into con- 
tract maintenance. 

Assuming that a plant owner will have a maintenance 
Management system similar to the one recommended in Appendix 
A contained in a plant manual, the basic parts of the system 


can be expanded for adaptation in a maintenance contract. 
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It is submitted that the expanded system would have six 
basic parts as follows: 

(a) the equipment configuration list; 

(b) the maintenance procedures; 

(c) the preventive maintenance cycle schedule; 

(d) the recordkeeping system; 

(e) the work input control system; 

(f) the maintenance data feedback system. 

The equipment configuration list, which is a complete in- 
ventory of all plant components, will tell the prospective 
contractor what he will be required to maintain should he te 
the successful bidder. The maintenance procedures tell him 
how he will be required to maintain the plant. The preven- 
tive maintenance cycle schedule tells him when he is to 
maintain each component in the plant. The recordkeeping 
system tells him the administrative procedures he is to fol- 
low. The work input control system tells him the owner's 
policy in work scheduling. The maintenance data feedback 
system tells him if deficiencies exist in his management of 
the system. 

Each of the elements listed contributes to the own- 
er's goal of programmed routine management decisions and 
reduced opportunity for autonomous contractor decisions. 
Although this adds to the owner's protection it does not 


remove the contractor's uncertainties associated with un- 
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known corrective maintenance and repair requirements. 
Through an analysis of tne specifications contained in the 
maintenance management system, the contractor can obtain 
the information necessary to quantify the contract require- 
ments in terms of labor, materials, and overhead for all 
requirements except those of corrective maintenance and re- 
pair. The owner must also provide the information necessary 
for the contractor to produce an a priori estimate of cor- 
rective maintenance and repair effort. 

Most maintenance management systems require that 
corrective maintenance work be scheduled within the limits 
of budgetary constraints on the basis of priorities estab- 


Cea 5S) 


lished by maintenance policy. An examination of 
the philosophy underlying this concept indicates that it is 
designed to optimize the decision maker's measure of effec- 
tiveness, or his objective function, within the constraints 
set by the budget. In this context, most maintenance man- 
agement systems’ scheduling elements are heuristic optimi- 
zation procedures. To the extent that these elements are 
optimization procedures, their formalization and specifica- 
tion in a complete CM contract can be accomplished through 
the use of operations research methods. That is, the owner's 
scheduling problem can be observed and formulated and then 


a scientific (mathematical or heuristic) model can be con- 


structed tnat attempts to abstract the essence of the real 
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problem. 

It is asserted that it is in the owner's best in- 
terests to adopt the "budget" and optimization concept for 
scheduling work in the complete CM contract. The validity 
of this statement 1s supported by the fact that most mainte- 
nance management systems utilize this concept in work input 
control. It is further asserted that due to the large cost 
in time and effort necessary to develop a matnematical op- 
timization model for the maintenance of a complex plant, 
heuristic procedures should be adopted. According to Hil- 
Mier, 2°) 

",e-ein addition to considering the composite 

measure of effectiveness in the model, one 

should also consider the cost of the study 

and the disadvantages of delaying its comple- 

tion, and tnen attempt to maximize the net 

benefits resulting from the study. In rec- 

Ognition of this concept, operations research 

teams occasionally use only ‘heuristic’ pro- 

cedures (i.e., intuitively designed proced- 

ures that do not guarantee an optimal solu- 

tion) in order to find a good ‘suboptimal' 

solution. This is especially the case when 

the time or cost required to find an optimal 

solution for an adequate model of the problem 

would be very large.” 

The adoption of the "budget" and optimization con- 
cept for work input control would require that the owner de- 
Sign a heuristic decision model that would be used to deter- 
mine the relative measure of effectiveness of each job being 
considered for work input. In determining how much work to 


schedule the contractor must consider the limited amount of 
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labor and materials, as dictated by the owner-established 
“budget”, that can be allocated for that purpose. Thus, 
the limits of labor and material act as constraints in the 
contractor's decision process. Since the constraints re- 
late directly to the extent to which the owner's measure of 
effectiveness can be optimized, the owner must decide how 
restrictive he can afford to be in this area and establish 
finite labor and material limits to be used as the con- 
Sunaints. 

In this regard, the owner must establish a "budget" 
for corrective maintenance and repair and from this “budget" 
the contractor can prepare an exact estimate of his effort 
necessary to fulfill the “budget” requirements. By estab- 
lishing a “budget” for corrective maintenance the owner re- 
moves contractor uncertainties as to how much labor and 
material he must allocate to corrective maintenance during 
the contract period. The owner must communicate the scope 
of the labor and material limits through the contract docu- 
ment and integrate the limits into the work input control 
element in the maintenance manual. 

It is now appropriate to develop a clear understand- 
ing of the role of preventive maintenance inspections in the 
overall maintenance management system and how the owner can 
ensure that the contractor diligently pursues this important 


control function. 
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3.3 The Preventive Maintenance Inspection System 


Maintenance is the function of sustaining or restor- 
ing equipment so that the equipment performs its intended 
job safely, effectively, and economically. Maintenance may 
be broken down into two basic types: 

(a) preventive - periodic tasks of care and inspec- 
tion scheduled to prevent a breakdown or prolong the life of 
equipment; and 

(bd) corrective - unscheduled tasks required to re- 
store equipment to operational status after a breakdown or 
impending failure is discovered and scheduled tasks includ- 
ing complete disassembly and reconditioning to like-new 
Status. 

Preventive maintenance, then, ccensists of two tasks: 
inspection and equipment care. Examples of inspection tasks 
include looking or listening for wear or malfunction, check- 
ing out electrical circuits, looking for cracks and tight- 
ness, measuring clearance, and looking at corrosion protec- 
tion. Examples of equipment care tasks include lubricating, 
renewing seals and packing, adjusting equipment, sharpening 
cutting edges, replacing worn parts, renewing corrosion pro- 
tection, restoring worn areas to an acceptable tolerance, 


and exercising seldomly used units. 
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The preventive maintenance (PM) inspection and care 
tasks are programmed in the maintenance management system 
and can be quantified in terms of the labor and material 
necessary to carry them out. In most cases, it is through 
the PM inspections that corrective maintenance requirements 
are determined and subsequently quantified in terms of the 
labor and materials necessary to correct the noted deficien- 
cies. The two tasks of preventive maintenance, then, play 
a central role in the overall purpose of maintenance manage- 
ment. The equipment care tasks act to prevent breakdowns 
and the inspection tasks give an early indication of correc- 
tive maintenance requirements that call for management deci- 
Sions. 

Repeating that maintenance management is a manage- 
ment decision making process, the importance of PM inspec- 
tions in facilitating this decision process is readily seen. 
Without the PM inspections, many conditions in the plant 
environment calling for maintenance decisions may not be 
discovered. If the contractor, acting as the owner's agent, 
does not look for and discover encroaching maintenance re- 
quirements in the plant, the high ideals of the owner’s 
maintenance management program are unfulfilled. 

How does the owner ensure that the contractor will 
pursue the PM inspections as required by maintenance manage- 


ment fundamentals? In a limited sense, this question indi- 
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eates a need for contractor quality control. Through the 
Maintenance management system, the contract performance 
specifications call for the performance of systematic PM 
inspections and maintenance procedures. The contractor has 
the responsibility to manage his own inspection program and 
present to the owner evidence of those inspections that com- 
ply with the contract specifications. The owner must insti- 
tute a contractor quality control program to ensure that the 
contractor fulfills these responsibilities and to enforce 
the provisions of the contract specifications. 

The U.S. Navy has developed a formal system of Con- 
meactor Quality Control (CQC). According to the Navy, §2?) 
the CQC program “encourages a marriage of contractor and 
government effort to achieve an acceptable facility in ac- 
cordance with the contract documents rather than a simple 
shifting of government effort to the contractor." The es- 
sence of the CQC system is that it obliges the contractor to 
prepare a quality control plan prior to initiating the con- 
fract. meeeesenuene >” reports: 

",.ethe quality control plan is really no more 

than the formalization of the contractor's own 

management system that the ccentractor should 

use to do the job right once..,.We will main- 

tain surveillance of the contractor's opera- 

tions. We will not pay for construction that 

is in non-compliance with the plans and speci- 

hicattons. [ne contractor fas but to live up 

to the fundamentals of his quality control plan 

to be able to see the danger of non-compliance 


before it takes place and prior to the Navy's 
knowledge." 
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Experience with CQC system contract administration at the 
Public Works Center, Newport, Rhode Island, indicates that 
the CQC system works very well, § 39) 
Although the Navy's CQC system has been developed 

primarily for use in construction contracts, it can be seen 
through minor extrapolations from the system that complete 
CM contracts could be accommodated within the system's capa- 
bilities. The Navy‘s CQC system revised for complete CM 
contracts may be described as having three elements: con- 
tractor quality control (CQC); owner inspection; and owner 


Surveillance of the CQC program. Figure 2 provides a graph- 


ic view of the relation of each element to the other. 
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The contractor quality control element can be imple- 
mented in the complete CM contract by including a clause 
that requires the contractor to periodically provide certi- 
fied documentation that all inspections required in the PM 
inspection program during that period were performed. Ac- 
cording to the restaay ae 

"The contractor has the responsibility to 

inspect his own work and present for Navy 

acceptance only such work that complies with 

the contract plans and specifications. The 

CQC element establisnes contract requirements 

whereby the contractor is required to provide 

Significant and specific inspection and docu- 

mentation to satisfy both himself and the 

Navy that work being performed meets the re- 

quirements of the plans and specifications." 

The owner inspection element is merely an owner re- 
view of the certified contractor inspection reports against 
the PM inspection schedule to ensure compliance before mak- 
ing any progress payments on the contract. This element 
can be implemented in the complete CM contract by including 
a clause requiring owner inspection of contractor reports 
prior to payment. 

The owner surveillance element 1s an informal liai- 
son between the owner or the owner's contract administration 
representative and the contractor's CQC representative. 

This liaison keeps the owner informed of the adequacy of the 
contractor's maintenance management capabilities and the 
level of maintenance in the plant. The Navy describes Navy 


surveillance as paimiowe: wae 
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"Navy surveillance of the CQC element of the 

program is the means by which the Navy assures 

itself that the Contractor Quality Control 

PRocram rs functioning ocroperly. 2t is through 

Surveillance that the Resident Officer in Charge 

ef Construction (ROICC) is able to determine 

and adjust the degree of Navy Inspection that 

1s required and applied to a particular project." 

It is pointed out that CQC alone can in no way en- 
Sure the owner that the contractor's maintenance management 
efforts will be of adequate "quality" to protect his inter- 
ests. CQC can, however, hold the contractor accountable for 
providing the “quantity” of maintenance management effort 
called for in the contract. In order to ensure adequate 
quality of maintenance management the owner must provide an 
“honest reward structure” to the contractor that relates con- 
tractor incentive to maintenance effectiveness. A discussion 
of honest reward will be provided in Chapter 6. 

Through the application of CQC and honest reward 
principles described above, the owner maintains a degree of 
control over the contractor performance of PM inspections 
in that the owner has tangible evidence that the inspections 
are actually oeing performed. This evidence is provided 
through certified copies of PM inspection reports. Through 
the CQC and honest reward system the contractor has a posi- 
tive incentive to diligently perform the PM inspections 
Since failure to do so would delay progress payments and 


reduce his profits and false certification of the reports 


would constitute fraud. 
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The performance of the owner's PM inspection sched- 
ule is assured through the CQC and honest reward system. 
The outcome of the PM inspection schedule is the determina- 
tion of plant defects that will subsequently require cor- 
rective maintenance or repair. In order to ensure that the 
magnitude and quality of materials and labor necessary to 
fulfill the requirements are estimated, the owner must spe- 
cify that the contractor plan and estimate all maintenance 


requirements derived from the PM inspection schedule. 


3.4 Planning 


The purpose of planning and estimating work generated 
through the PN inspection process is to provide the mainte- 
mance decision maker with a continuous indicator of plant 
maintenance requirements and to provide a systematic basis 
for workers to prepare for job accomplishment. According 
. 42 
to weGuire: 

"Systematic maintenance job planning will con- 

trol the more critical elements of maintenance 

work decision making...Maintenance job plan- 

ning provides the maintenance worker witn an 

understanding of the work and enougn informa- 

tion to go directly to the job site with the 

mequared Macerlals and tools." 

Figure 3 illustrates the various steps that the contractor 
must follow in planning a job. A review of Figure 3 identi- 
fies several steps that call for decisions by the contractor's 


maintenance job planner. Tne decision making steps include 
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the following: 

(a) secure drawings and make sketches if appropriate; 

(b) identify and describe job tasks; 

(c) identify materials required for tasks; and so on. 
In the complete CM contract, the owner must program these 
steps in order to reduce the opportunity for autonomous con- 
tractor decisions. Obviously, to program design and mater- 
ial selection decisions, a data base of standard design 
plans and material specifications must be available. 

This goal can be accomplished by specifying in the 
contract that all repairs and replacements of crlant compon- 
ents will be in accordance with the existing as-built design 
plans and all replacement materials will be provided in-kind 
as specified by the manufacturer's literature unless written 
approval for an exception is provided by the owner. Thus, 
the owner makes it clear that deviations from or revisions 
to the as-built plans and the use of substitute materials 
are not acceptable unless he approves of the changes. The 
standardized plans and material specifications contribute 
to the owner's protection and help ensure that contractor 


decisions are in the owner's interests. 
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3.5 Resource Constraints: Establishing 


the Decision Boundaries 


The inspection element of the maintenance manage- 
ment system generates the plant maintenance requirements 
and the planning element quantifies these requirements. The 
next element in the maintenance management process is work 
input control. Each new job generated is considered for 
accomplishment along with other jobs previously generated 
but not accomplished. In this regard, the contractor is 
tasked with making scheduling decisions that affect plant 
maintenance. 

In Section 3.2 it was asserted that the complete CM 
contract should incorporate the optimizing scneduling phi- 
losophy of maintenance management systems that operate with- 
in budgetary constraints. This concept acknowledges that 
making a priori estimates of total corrective maintenance 
requirements is not practical but the concept provides a 
method for approaching optimum performance within subjec- 
tively assessed resource limits or constraints (the mainte- 
nance "pudget"). The term resource constraints is used be- 
cause limited resources act as constraints in determining 
the optimum quantity of maintenance work to schedule. 

In order to implement this concept in a complete CM 
contract the owner must decide what the constraints should 


be and establish them as direct material and direct labor 
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limits. The quantification of the limits should be based 
On the owner's prior knowledge of the plant and his assess- 
ment of the anticipated contractor risks involved if the 
limits are too low. The communication of the limits to the 
contractor establishes the decision boundaries within which 
the contractor must operate to optimize maintenance effec- 
tiveness. In this regard, it is incumbent upon the owner to 
establish the criteria that determines optimization and pro- 
vide the necessary incentives to the contractor to vigorous- 
ly pursue the optimization goal within the constraints. An 
in-depth discussion of these concepts is provided in Chapters 
4 and 5. 

The discussion above implies that the contractor 
will be tasked with maximizing (optimizing) an owner estab- 
lished measure of effectiveness within labor and material 
budgetary constraints which are also established by the own- 
er. The logical extension of this concept demands that the 
contractor's compensation for his services be directly re- 
lated to the extent to which he succeeds in maximizing the 
measure of effectiveness established by the owner, l1.e., the 
contractor is rewarded or penalized according to the extent 
of his success or failure. The implication of this exten- 
Sion is that the contractor must perceive a certain amount 
of risk in assuming the responsibility for performing within 


the constraints since some of his compensation is related to 
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his success in this area. It is therefore incumbent upon 
the owner to minimize the risk to the contractor by limit- 
ing the variance of the magnitude of corrective maintenance 
jobs that the contractor must fulfill. 

It is asserted that contractor risk can best be 
Minimized by creating certain mechanisms within the contract 
that help reduce uncertainties about unknown corrective 
maintenance requirements. It has been submitted that the 
contractor uncertainty pertaining to total corrective main- 
tenance and repair requirements can be reduced by establish- 
ing a "budget" (resource limits) within which the contractor 
is to optimize plant maintenance. Uncertainty involving 
catastrophic failures of plant equipment can be minimized 
by placing a limit on the magnitude of jobs for which the 
contractor is held responsible. Uncertainty involving the 
owner's measure of effectiveness and the contractor's re- 
sponsibilities in making determinations in this area can be 
minimized by introducing a work input control decision model 
that subjects the selection of alternatives process to own- 
er criteria and reduces the need for the contractor to make 
autonomous decisions. 

Three mechanisms can be conceptualized as follows: 

(A) The first mechanism may consist of the mainte- 
nance management program and the "budget". This mechanism 


would provide the quantitative information necessary for 
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the contractor to prepare a bid or proposal to do the work. 
The maintenance management program would be contained in 
the plant manual. The "budget" could be presented by the 
owner as two bid items in the contract document. Bid item 
one could specify a limited (but explicit) number of man- 
hours of direct labor to be used in fulfillment of correc- 
tive maintenance items. Bid item two could specify a limited 
(but explicit) amount of direct materials (dollar value) to 
be used in fulfillment of corrective maintenance items. Use 
of the bid item concept to establish a unified basis for 
contractor bids on complete CM contracts has had recent 
practical anys Weereieia, oe! 
(B) The second mechanism may consist of a procedure 
in the work input control element that subjects all work 
generated and planned through the two previous elements to 
a threshold evaluation. The purpose of the threshold eval- 
uation is to screen out all jobs greater than a certain 
magnitude and submit these jobs to the owner for action. It 
is incumbent upon the owner to establish the threshold lim- 
its that he considers reasonable in minimizing contractor 
risk. The U.S. Navy uses a limit of $25,000 for repair pro- 
jects to be submitted by the activity commanding officer for 


(44) This converts to 


funding and: performance by others. 
about 1000 manhours of direct labor and $8000 in direct ma- 


terials, 
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The result of the second mechanism is that it re- 
lieves the contractor of the responsibility for work of 
catastrophic scope that would use up much or all of the 
corrective maintenance "budget" in single jobs. Since it 
1s not in the owner's interest that jobs should be allowed 
to become large enough to be rejected in the threshold eval- 
uation, a deterrent to possible contractor profit maximiz- 
ing behavior in this area should be provided. The contract 
should state that neither the contractor nor any of his sub- 
Sidlary companies may bid on the resultant work. 

(C) The third mechanism may consist of a resource 
allocation procedure in the work input control element that 
subjects all work that passes the threshold evaluation to a 
decision test that incorporates owner preferences and main- 
tenance policy. Through the work input control decision 
model, the contractor can make a determination of which 
maintenance jobs of the group being considered will provide 
maximum maintenance effectiveness as measured by the owner's 
preferences. Accordingly, those jobs showing the highest 
measure of maintenance effectiveness will be scheduled to 
the extent possible within resource constraints. 

In summary, a complete CM contractual framework has 
been proposed that integrates the accepted concepts of main- 
tenance management, optimization within budget constraints, 


and the limitation of requirements variance to reduce risk. 
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The elements of maintenance management provide the medium 
through which routine maintenance decisions are programmed, 
thus reducing the opportunity for autonomous contractor de- 
cisions and establishing a systematic basis for generating, 
planning, and accomplishing work. The budget element estab- 
lisnes the decision boundaries within which tne contractor 
must operate to optimize maintenance effectiveness, thus re- 
ducing contractor uncertainty as to the total scope of the 
contract. The limited variance element establishes the max- 
imum limit of magnitude on any particular job that the con- 
tractor must perform, thus it reduces the contractor's un- 
certainty pertaining to his responsibdility in recovering 
from possible catastrophic failures of plant equipment. 
Through the framework proposed the contractor can 
assess the quantity of effort and risk that he must assume 
in performing the contract requirements. The elements of 
the contract assure the owner that the plant maintenance re- 
Quirements will be continuously generated and planned with 
minimum risk to the contractor. The artificial "budget” 
introduced into the contract through bid items places con- 
straints on the resources that can be allocated to the goal 
of optimizing maintenance effectiveness. With this in mind, 
it 1s appropriate to determine what criteria establishes 
optimization and how contractor judgements can be used in 


fulfillment of the owner's interests. 
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4.0 WORK INPUT CONTROL: CONTRACTOR 


VEC oLUNomvinoUis OANER INTERESTS 


4.1 A Choice Among Alternatives 


The use of the work “complete” in complete CM im- 
plies that the owner relegates to the contractor the respon- 
Sibility for work input control as well as the other ele- 
ments of maintenance management. In maintenance management 
systems that are constrained by limited resources allocated 
for corrective maintenance and repairs, work input control 
is the act of periodically selecting for accomplishment a 
limited number of jobs from the overall backlog of jobs so 
as to achieve optimum maintenance effectiveness. The mag- 
nitude of work that can be input at any time depends on the 
magnitude of the corrective maintenance budget. 

In the context of tne complete CM contract, the 
corrective maintenance "budget" is established by the mag- 
Nitude of direct materials and labor specified by the owner 
in the contract bid items. Work input control in complete 
CM is the act by the contractor of selecting for accomplish- 
ment those jobs that will optimize maintenance effective- 
ness within the “budget” constraints set by the owner. In 
this regard, work input control is a decision problem under 
uncertainty whereby the contractor is tasked with subjec- 


tively assessing the relative utility of each alternative 
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maintenance job pertinent to maintenance optimization and 
selecting the jobs with the greatest utility for accomplisn- 
ment. 

It 1S in the assessment of utility by the contractor 
that much of the ambiguity of complete CM arises. The con- 
tract is for the maintenance of the owner's plant, not the 
contractor’s. Therefore, the utility assessment should be 
a measure of the owner’s utility for each job, not the con- 
tractor’s. Repeating Martin's semacanen lL! 

",eeCan we permit a contractor to make economic 

decisions for us regarding parts and schedules, 

and can we retain maintenance management ver- 

sonnel sufficiently knowledgeable on all tech- 

nical details of a contract operation to protect 

the agency's interests? The career service 

public employee must live with and be responsi- 

ble for the results of his decisions, but most 

Comumaces are fOr fairly short periods." 

In order to overcome this ambiguity, the owner must inject 
the various attributes of his personal utility into the work 


input control decision element. 


4.2 <A Decision Theoretic Approach 


The above analysis restates the need for the owner 
to maintain a measure of control over the work priority and 
scheduling process in order to protect his interests. The 
scheduling process is that of making a choice under uncer- 
tainty from a set of alternatives in order to achieve an 


optimal solution. In this regard, the scheduling process 
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poses a decision problem in which a Teeesh aieaeeivet See or 


suboptimal solution can be achieved through the use of deci- 
Sion theoretic principles. Just as acceptance of the prin- 
ciples of maintenance management is axiomatic in the plant 
maintenance arena, the principles of decision theory play a 
central role in the decision processes of management systems. 

Evidence of the use of decision theoretic principles 
in decision making dates from the pre-revolutionary war per- 
iod. Consider the following letter from Benjamin Franklin 
to Joseph Priestley, the discoverer of oxygen, who had 


asked Franklin’s advice on whether or not to accept a new 


(46) 


position: 


"In affairs of so much importance to you, where- 
in you ask my advice, I cannot, for want of suf- 
ficient premises, counsel you wnat to determine; 
but, if you please, I will tell you now, 


"When these difficult cases occur, they are 
difficult, chiefly, because, wnile we have 
them under consideration, all the reasons-- 
pros and cons--are not present to the mind 

at the same time. Hence the various purposes 
or inclinations that alternatively prevail, 
and the uncertainty that perplexes us. 


"To get this over, my way is to divide half 

a sheet of paper by a line, into two columns; 
writing over the one “pro” and over the other 
"con". Then, during three or four days’ con- 
Sideration, I put down under the different 
heads, short hints of the different motives 
thiatveatedifterent times occur to me for or 
against the measure, 


"When I have then got these together in one 
view, I endeavor-to estimate their respective 
weights, and, where I find two (one on each 


bn al 


Side) that seem equal, I strike them both out. 
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If I find a reason “pro” equal to some two 
reasons "con" I strike out the three. If 

I judge some two reasens "con" equal to three 
reasons "pro", I strike out the five; and thus 
proceeding, I find, at length, where the bal- 
ance lies; and if, after a day or two of fur- 
ther consideration, nothing new that is of 
importance occurs on either side, I come to 

a determination accordingly. 

"And, though the weight of reasons cannot be 
taken with algebraic quantities, yet, when 
each 1s thus considered separately and com- 
paratively, and the whole lies before me, I 
think I can judge better, and am less liable 
to make a rash step; in fact, I have found 
great advantage from this kind of equation 

in what may be called moral or prudential 
algebra. 


"Wishing sincerely that you may determine for 
the best, I am ever, my dear friend, 


Your most affectionately, 

Benjamin rranklin" 
Franklin declined to advise Priestley “...for want of suf- 
ficient premises", i.e., Franklin did not know the quality 
or relative weights of the attributes that comprised Priest- 
ley’s utility for the outcome of the alternate acts. In- 
stead, Franklin proposed a decision matrix in which each of 
the important attributes of Priestley's utility relative to 
the decision problem were to be listed. Additionally, tne 
matrix was to be formulated in such a wav that the utility 
of each act relative to the attributes could be measured in 
terms of "pro-ness” and "con-ness" as determined by Priest- 


ley. 
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Implied in Franklin's advice is the notion that if 
Priestley could determine the relative weights of all of the 
attributes important to him, he could reformulate those at- 
tributes so that each was equal in weight to the next and 
list them. If Priestley had formulated his decision prob- 
lem aS an equal-welght attribute matrix and entrusted Frank- 
lin to assign the relative “pro-ness”" and “con-ness" for 
each attribute, would Priestley’s interests have been served? 
This concept is relevant to the plant owner's decision prob- 
lem and bears upon the viability of applied behavioral mod- 
els in decision making. 


(47) 


Bowman asserts that viable decision rules can be 


formulated to create programmed decisions on production 
scheduling based on the manager's past behavior. Research 
was performed by Bowman to determine if behavioral models 
could provide decisions superior to the decision maker's 
own decisions. It was found tnat behavioral models gave 
results superior to decision makers in all cases examined. 
By way of explanation as to why decision rules derived from 
management's own average behavior might yield better results 
than the aggregate behavior itself, Bowman seeed ©” 
"Man seems to respond to selective cues in 
his environment--particular things seem to 
catch his attention at times (the last tele- 
phone call), while at other times it is a 
different set of stimuli. Net only is this 
selective cueing.the case, but a threshold 


concept seems to apoly. He may responi not 
at all up to some point and then overrespond 
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beyond that. It is this type of behavior which 

helps explain the variance in the organization's 

(or its management's) behavior.” 

Bowman's research shows that the behavioral model approach 

to scheduling can be superior to the individualistic approach 
of management. Additional support for this approach is giv- 
en by Simon who sipawoan °O) 

"Por the operations research approach to work, 

nothing has to be exact--it just has to be 

close enough to give better results than could 

be obtained by common sense without the mathe- 

matics.” 

It 1S reasonable to assert, then, that the plant own- 
er can approach a solution to his decision problem by creat- 
ing a behavioral or heuristic model in the form of a deci- 
sion matrix that includes the many attributes of his person- 
al utility for plant maintenance and inserting this model 
into the work input control element of the contract. It is 
implied in this approach to work input control that the con- 
tractor assumes the role of expert assessor for the owner to 
assess the relative utility of each job measured within the 
owner's utility attributes. To understand how the owner may 
frame his decision matrix in such a way as to ensure that 
contractor judgements are in his best interests, it 1S ap- 
propriate to discuss utility theory. 


TS ba@rslieny yam (ame Aik, poe develops a theory of utility 


and choice based on the following assumptions: 





basis? 


ence: 


ment: 
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(A) Basic assumption 1 - existence of a canonical* 


"Suppose the decision maker prefers prize W to 
L. Given any positive integer N, the decision 
maker can imagine an experiment with N vossible 
outcomes such that, if one lottery entitled him 
to prize W contingent on the occurrence of one 
of nj possible outcomes and L otherwise while 
another lottery entitles him to prize W con- 
tingent on the occurrence of one of no possible 
outcomes and L otherwise, he will prefer the 
former lottery to the latter if and only if 

ny > No." 


(B) Basic assumption 2a - quantification of prefer- 


"Given any decision problem with any set of 
possible consequences, the decision maker can 
Select a consequence c* which he finds at 
least as attractive, and another consequence 
c, whicn he finds at least as unattractive, 
as any of the possible consequences: and he 
can then quantify nis preference for any 
possible consequence c by Specifying a num- 
ber m(c) between 0 and 1 inclusive such that 
he would be indifferent between (1) ec for 
certain, and (2) a lottery giving a canoni- 
cal chance n(c) at c* and a complementary 
chance at c,." 


(C) Basic assumption 2b - quantification of judge- 


"Let 8, be any real-world event, and let c* 
and cy, be the consequences defined in basic 
assumption 2a. The decision maker can quan- 
tify his judgement concerning 0, by specify- 
ing a number P(@9) between 0 anc 1 such that 
he would be indifferent between (1) the right 


*All possible outcomes are regarded as equally iike- 


ly by the decision maker. If N balls are placed in an urn 
and n of the balls are red then the canonical chance of 
selecting a red ball is n/N. 
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to receive c* if @9 occurs, otherwise c,, 
and (2) a lottery giving a canonical chance 
P(@9) at c* and a complementary chance at 
Co 


(D) Basic assumption 3 - transitivity: 

“Let 1', 1°*, and 1'** denote any three lot- 

teries. If the decision maker has any pref- 

erences among these lotteries, then these 
preferences should be transitive in the sense 

that for example: 

(a) if he is indifferent between 1' 
and 1'* and between 1'' and 1''' then 
he is indifferent between 1' and 1'''; 
(bo) if he is indifferent between 1' 
and 1°' but prefers 1°’ to 1''', then 
NemonetersSe. | to.! ', and so forth.” 

(E) Basic assumption 4 - substitution of prizes: 

"Let a lottery oe modified oy replacing 

just one of its prizes with anotner. If 

the decision maker is indifferent between 

the original and new prizes, he snould be 

indifferent between the original and modi- 

fied lotteries.” 

Decision problems normally call for a choice among 
several acts when the consequence of one or more of these 
acts depends on which one of a set of possible events oc- 
curs. Using the Pratt assumptions as a basis, it is rea- 
sonable to assert that the decision maker must make two sets 
of preliminary evaluations in order to approach a solution 
to the problem. He must on one hand quantify his judgements 
about the possible events by assigning to each event 9; in 
a mutually exclusive and collectively exhaustive list 


OLeeeerOineeee9, a judgemental probability Pe). He 
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must on the other hand quantify his preferences among con- 
sequences by choosing appropriate reference consequences c* 
and c, and then assigning to every consequence Cc; a number 
w(cj) such that he would be indifferent between cj for cer- 
tain and a lottery giving a canonical chance m(c;}) at c* and 
a complementary chance at c,. Given the assessments P(6;) 
and w(cj) it is readily seen that the value or weighted pref- 


4, (50) 


erence of each act can be compute 
TT = 2, (04)? (@,) (1) 


Capital pi ([]) exhibits the canonical chance that the deci- 
Sion maker would take in order to get the prize c* witha 
complementary chance at c,. This concept can be illustrated 


as follows: 


ct 


law, My See yuneay) 02) 





Cy 


Real lottery Simple canonical lottery 
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Clearly, tne concepts of c* and cc, are introduced to 
overcome the inability of the decision maker to attach car- 
dinal utility to a consequence. c* and c, establish a basis 
for ordinal preference ordering of consequences through what 


(51) 


Thompson calls a “preference yardstick". In this regard, 
c* is assigned the value 1 (the top of the yardstick) be- 
cause it 1s at least as good as any of the possible conse- 
quences anticipated. The value 1, then, is an ordinal value 
Signifying that a consequence is as good as the best. 

Since these values are ordinal, then their relative 
standing cannot be changed by adding to or multiplying their 
Values by a positive constant or constants. In this regard, 
Pratt! >?) asserts that utilities are “indifferent up to a 
linear transformation", l.e., thelr relative standings will 
not be changed by a linear operation. 

Assume that the decision maker's utility for a con- 


(50) 


Sequence cj; can be expressed as follows: 


u(c;) = a+ br(c;y), then, 


U 


u,ulc;) cry) 
= Ley or br(c3)] P(8;) 
= 2 us P(O;) + b us m(c;) P(6;) 
=a * b TT (3) 


aandb are positive linear transformations and TT is a util- 


mey function. Since it involves the application of the 
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judgemental probability, P(6;),!Tis the "expected" utility 
of the act or lottery considered. 


(53) 


Arrow asserts that utilities can be summed and 
averaged. IfIlTcan be determined for each attribute of a 
decision maker's personal utility pertaining to a choice 
among alternatives, then it follows that the sum of IT's 
across the attributes for each alternative will provide an 
index of the decision maker's aggregate utility for that al- 
ternative. From this statement it becomes apparent that if 
a decision maker can list the attributes that make up his 
personal utility for an act and for each of the attributes 
evaluate the preference for consequences and probability of 
occurrence of events resulting from the act, then his ex- 
pected utility for the act can be computed. 

The two aspects discussed above that speak directly 
to the decision maker's utility are (a) the attributes with- 
in which the aggregate utility is measured and (b) the 
preference for consequences of possible events stemming 
from each alternate act. The subjective probability as- 
pect of the decision maker's utility merely "weignts” it, 
1.e€., converts it to expected utility. Since the plant 
owner's goal is to inject his personal utility into the 
work input control element, it appears that one way would 
be to segregate the attributes and preference aspects from 
the subjective probability aspect and program the two for- 


mer aspects into a decision matrix for work input control. 
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With the proper incentives to engender honesty, the subjec- 
tive probability aspect of the owner's utility can be left 
for the contractor's assessment. 

In order to program the different attributes of his 
utility for maintenance into a decision matrix, the owner 
can develop a multi-attribute utility (MAU) model that de- 
fines the various dimensions of his utility framework. Much 


is written on the eliciting of MAU models from the decision 


maker. ebinepebe? States: 

"Two tasks that decision science consultants 
are often given are (1) to generate a list 

of alternatives for top-level decision mak- 
ers to choose from, and (2) to help these 
decision makers make choices. In the first 
case, the consultant wants to be able to 
develop and screen in alternatives that will 
be highly valued, and to screen out alterna- 
tives that will not. In this case, he attempts 
to simulate the implicit model that the deci- 
Sion maker actually uses. In tne second case 
he wants to be able to imvrove the decision 
Maker S eValuation model (and also, of course, 
the decision process). In this case he at- 
tempts to approximate the model that the de- 
cision maker wants to use." 


It is noted that MAU's are numbers that represent the util- 
ity or satisfaction associated with an item, outcome, or 
alternative having more than one valued property (attri- 
bute). Referring to the discussion of utility theory de- 
veloped earlier it is clear that MAU's are the summation of 


TI's for each alternative where: ‘9) 


TT = =3P(0;)m(ci) (4) 
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mor each particular attribute. In the context of the plant 
owner's goal of injecting his utility into the work input 
control element, the MAU model must be formulated in such 
a way that the owner's preferences are integrated into the 
evaluation model. 

In the MAU model, preferences appear in two areas: 
(a) the relative weight or importance attached to each at- 
tribute in the MAU model, and (b) the preference for conse- 
quences of possible events stemming from the alternate acts. 
In order to create a model devoid of ambiguity it is impor- 
tant that the preference for each attribute be programmed 
within the model. MacCrimmon, oe) States: 


"To make a rational decision, tne decision 
maker must choose in accordance with his 
preferences. Since these preferences re- 
Side within the head of tne decision maker, 
they are not apparent to an external ob- 
Server, and they may not be clearly known 
by the decision maxer himself. One prac- 
tical way to think about these preferences 
is to express them in terms of trade-offs-- 
the amount of one attribute the decision 
maker will give up in order to gain speci- 
fied amounts of some other attribute(s). 
The locus of trade-offs from a given com- 
bination of attribute values generates an 
iso-preference curve or indifference curve 
between the attributes. The trade-off or 
marginal rate of substitution at any point 
is the slope at that point. Iso-preference 
curves are contours on a general utility 
function. An alternative to our approach 
of focusing on iso-preference curves be- 
tween attributes is to directly study the 
utility function. This alternate approach 
almost always assumes, for practicaiity’s 
Salsewe that the Utility itunction is addi- 
Gively separable into Utility functions of 
Sach atcribuve. ° 
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In this regard, the plant owner must use the "trade- 
off" concept in establishing the relative weight of each of 
the attributes in his MAU model. The most straightforward 
way to accomplish the trade-offs is to establish attributes 
of equivalent weight. A successful practical application 
of this concept is reported by Seance in a paper des- 
cribing the Contender Evaluation and Selection Technique 
(CONTEST) used by the Navy in selecting eoien and construc- 
tion contractors. Skolnick states: 


"It has been the consensus that, in very gross 
terms the measure of a potential contractor 

can be obtained by the resulting effect of his 
proposal uron the quality indexes of cost, pro- 
duct performance, and time; indeed even DOD 
contract people generally agree upon the util- 
ity of such a primitive reference frame. It 

is not possible, however, to distinguish among 
highly qualified bidders the best for a partic- 
ular task if such a set of ‘spatial character- 
istics’ is employed. As a first step in organ- 
inet ne mMarters OL importance, the notion of 
*Factor’ is introduced. In a varticular com- 
petition the significant Factors might be iden- 
tified as: 


ie Westen Factor 

ite roduc tion, ractor 
III. System Factor 

IV. Management Factor. 


"It should be difficult to make a case, that 
Siete tour Pactors displayed above, any one 
is more important than another, either qual- 
itatively or quantitatively, i.e., they 
should be approximately of equal worth. They 
are, in reality, an artifice introduced main- 
ly for organizational convenience. if the 
Factors are then resolved inte their basic 
equivalent components (called Groups in CON- 
TEST), a hyperspace of N dimensions will be 
produced (where N is the total number of Groups 
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assembled under all the four Factors); these 
N axes cover the entire space of concern and 
serve as its basis. 


"The important point to be recognized is that 
subjective assessment appraised the Groups 
under each Factor as equal and, since the 
Factors themselves were approximately equiv- 
alent, 1% was possible to draw the conclusion 
that the individual Groups were equal, one 

to the other. It is extremely difficult to 
make the argument that a Group under Factor 

I is equal in weight to a Group under Factor 
IV otherwise. 


"This is not to say that essay-like justifica- 
tion cannot be presented; it merely is acknow- 
ledged that Group equality, when the Groups 
are compared directly, will always be a moot 
point dependent upon the argumentative inclin- 
ations of the critic. For this reason, it is 
preferable to approach the ‘proof' of the Group 
equality through the logic pattern sketcned 
above. Thus, one first displays approximately 
equal Factors, then breaks each Factor into 
approximately equal Groups, and, finally, in- 
fers relative Group equality as a consequence 
of the initial hypothesis.” 


Through the use of the CONTEST "equivalent factor" 
method of building the owner's MAU model the problem of 
attribute preference is resolved. The second preference 
factor, that of preference for consequences, can also be 
entered into the MAU model with relative ease. 

In injecting his oreference into the work input con- 
rol element the owner is interested in ensuring that only 
those jobs are selected for accomplishment that will opti- 
mize his measure of effectiveness, i.e., provide the maximum 


MAU. Since several alternatives are considered at the same 


time the simple test of the best alternative is that it is 





69 


clearly superior to all of the rest in terms of maintenance 
effectiveness. A more comprehensive test for each alterna- 
tive as it would apply to each specific attribute in the 
MAU model would be “is it clearly superior to the ‘norm’ of 
the other alternatives". This test is less restrictive 
than the first. It is seen, then, that the decision prob- 
lem is a dichotomy in which the best prize (c*) is the con- 
sequence of the event that maintenance effectiveness im- 
proved greater than the average alternative could have pro- 
vided and the least prize (c,) is the consequence of the 
event that maintenance effectiveness did not improve greater 
than the average alternative could have provided. From the 
Pratt basic assumption 2a pertaining to utility theory it 
is clear that the owner's preference for the best prize, 
wW(c*), is assigned the value 1 and his preference for the 
least prize, m(c,), is assigned the value 0. 

Visualize, now, a matrix containing all of the 
equal weight attributes of the owner's MAU listed along the 
left side and a sequential listing of all maintenance jobs 
to be considered for scheduling across the top. Assume that 
the contractor is tasked with evaluating all alternatives 
as they apply to each attribute and from this evaluation he 
is to assess the subjective probability that each particular 
job is superior to the norm of all the jobs being consid- 


ered as it applies to each attribute. Clearly from this 
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exercise all of the elements that make-up the owner's MAU 


for each job are present for each attribute: 


men) 
o(eL) 
mi j (3), 
P 
2) 
1( co) 


where P(@}) probability of superiority 


P(@5) = probability of not superior = 1 - P(0,) 
™(c,) = preference for superiority, m(c*) = 1 

w(co) = preference for not superior, t(c,) = 0 

m3 j = maintenance job j considered relative to at- 


tribute i. 


The owner's single attribute utility for Mije then, is: 


TTmy 3 = B4_, P(eq) me;) 


i=l 
= P(@1)(1) +[1 - P(6;)] (0) 
= P(8,) (6) 
Accordingly, the owner's MAU for maintenance joo m 1s: 
= yn — yn Ces 
MAUm; = Benzyl im; Hey Py(O2) 7) 


Having determined the MAU for each maintenance job under 
consideration, the matter of work input control becomes the 


Simple process of selecting the jobs with the greatest MAU 
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rating for accomplishment within budgetary constraints. 

An MAU model has been conceptualized in which the 
only judgement required of the contractor is the assessment 
of subjective probability. Chapter 5 will provide a discus- 
Sion of a proposed means designed to engender honesty on the 
part of the contractor in his assessment of probability. 
Contingent upon the development of an honest reward func- 
tiem for the contractor as a probability assessor, it is 
asserted that the MAU concept previously proposed provides 
the vehicle through which the plant owner can produce a vi- 
able complete CM contract. Accordingly. the autonomous 
contractor decisions versus owner interests dilemma can be 


resolved. 


4.3 A Multi-Attribute Utility Model 


In order to visualize how an MAU model for work in- 
maw cOntrol can be created, it is appropriate to apply the 
concepts previously developed to an existing CM contract 
Petuation and formulate a hypothetical model. Accordingly, 
the Guantanamo CM contract is considered a good example to 
use in the analysis because of personal experience with the 
various aspects of the Guantanamo plant. Brevity requires 
that the analysis be confined to one segment of the overall 
plant, therefore, an MAU- model will be developed for the 


complete CM of one 750,000 gallon-per-day seawater evapor- 
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ator. The purpose of the evaporator is to provide a supply 
of drinking water and industrial water for the Guantanamo 
Naval Base. Appendix B provides a description of the pro- 
cesses and components involved in the plant. 

Using the contest !5?) approach to developing the MAU 
model the steps to follow are: (a) determine several over- 
all factors of equal weight that define the important attri- 
butes of the plant in a general way, and (b) subdivide each 
factor into a certain number of equal weight groups of de- 
tailed attributes that include all attributes considered 
important for plant effectiveness. Hence, if the groups 
under each factor are equal in weight one to tne other and 
the factors are all of equal weight then by the Pratt assump- 
tion of transitivity each group is equal in weight to any 
other group, regardless of the factor. 

Analysis of Appendix B shows that there are four 
general attributes of the evaporator under consideration 
that define its functions: 

(a) production; 

(bd) quality control; 

(c) efficiency control; and 

(d) corrosion control or reliability. 

It is difficult to make a case that any one of these factors 
is more important to the overall effectiveness of the plant 


than any other. Therefore, it is reasonable to assume that 
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the plant owner may be indifferent in his preferences among 
the four attributes. These four attributes, then, are cho- 
sen as the major factors in the CONTEST MAU model. 
Proceeding first with an analysis of the components 
and processes involved in plant production, the following is 
seen: 
(a) energy is boosted in the brine heater; 
(ob) vacuum is regulated by the air ejector; 
(c) distillate is collected in the product trough 
and replaced by makeup; 
(d) the process is contained by the vessel shell. 
Each of these functions contributes directly to water pro- 
duction. To facilitate the use of these concepts in the MAU 
model, they may be posed in terms of the function they serve 
in production. Within the MAU matrix, these terms may ap- 
pear as follows: 
PaCTOR I: Production 
Group A: Energy addition 
Group B: Vessel vacuum regulation 
Group C: Distillate collection and makeup 
Group D: Process containment 
Aeain, the factor of production would fail without the ef- 
fectiveness of any one of the groups listed. Therefore, 
it is reasonable to assume that the plant owner may be in- 


different in his preferences among the detail attributes 
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listed, 

The next factor to be considered is quality control. 
The control of quality of the evaporator product water en- 
compasses control of both the carry-over of impurities with- 
in the evaporating brine and the contamination of pure pro- 
duct with impure water. A review of Appendix B indicates 
that carry-over is deterred by an entrainment separator or 
"“demister”" screen and the finished product is segregated 
from the flashing brine by the product trough. The volatil- 
ity of flashing is deterred by introduction of an "anti- 
foaming" agent into the brine and heat recovery (seawater) 
is contained within the heat recovery tubes. Thus, it can 
be deduced that product water quality is adversely affected 
by: 

(a) brine droplets carrying over with vapor; 

(b) flashing brine penetrating the product trough 
(through holes); 

(c) brine volatility flooding entrainment separator 
(demister); and, 

(d) seawater leakage from heat recovery tubes. 
For the purposes of the MAU model, each of these deficien- 
cies can be re-expressed in terms of the function that de- 
ters their actualization: 
FACTOR II: Quality Control 


Group A: Product-mist separation 





e 


Group 8: Product-brine separation 

Group C: Brine anti-foaming 

Group D: Product-heat recovery water separation 
If the evaporator failed in any one of the above functions, 
product water quality would deteriorate until it would not 
Se £3t for human consumption. It can be assumed, then, that 
the plant owner may be indifferent in his preferences amonz 
the four attributes listed. 

Next tne efficiency factor must be considered. Evap- 
orator efficiency 1s enhanced througn waste heat recovery and 
ememical recovery. Tne warm, chemically-treated brine that 
remains after flashing through the evaporator is recycled 
through the heat recovery tube bundles to reclaim the latent 
Reatesof vaporization from condensing product water. The 
warm brine is extracted from the last stage of the evapora- 
tor by the brine extraction pump and boosted in pvressure by 
the booster pump. The heat recovery tube bundles, "stage 


(58) 


separations", and vessel insulation facilitate the re- 
covery of heat by tne recycled brine from the condensing 
product water. Tne chemical feed systems condition the 
Brine to*™retard scale formation and maintain heat transfer. 

im@ewsalaent featurds of efitliciency control, then, 
are: 


PeCrOR Ili: Efficiency Control 


Group Ae Stage separation 
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Group B: Heat recovery 

Group C: Brine recycle 

Group D: Chemical feed 
A deficiency in any one of the attributes listed above would 
cause an immediate deterioration in evaporator efficiency. 
It 18 therefore concluded that the plant owner may be in- 
different in his preferences among the attributes. 

The final factor to be analyzed is plant reliabil- 
ity. This aspect involves corrosion control and redundancy 
for dynamic equipment. The critical dynamic aspects of the 
evaporator include the pumping of brine, condensate, and 
product water. The corrosion control aspect involves the 
degasification (deaeration) of the incoming evaporator make- 
up water. In terms of reliability, the plant owner should 
ensure that there are always backup pumps for the pumping 
of brine, condensate, and product water to allow down time 
on the primary pumps for preventive and corrective mainte- 
nance and to provide for unforeseen casualties. Addition- 
ally, corrosion control plays an equally important role 
because without it many of the plant systems exposed to the 
highly corrosive salt water environment would deteriorate 
ab a rapid rate. 

The important attributes of plant reliability, then, 
are: 


FACTOR IV: Reliability | 
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A: Condensate pump redundancy 

B: Brine pump redundancy 

c-: Goouct Dump redundancy 

D: Degasification 

It is asserted that the sixteen attributes deter- 

ove tend to provide a thorough yet realistic defin- 
the evaporator plant owner's utility structure. 


s of Huber in discussing the methods for eliciting 
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ls are pertinent: 


"A number of issues remain to be discussed. 

One concerns the difficulty of selecting the 
attributes to be included in the model so as 

to be thorough yet realistic. This is espec- 
ially important when developing observer-de- 
rived models, as tne list of possible attributes 
often has to be pruned to make the cognitive 
task of responding to multi-dimensional stim- 
ull a reascnable one. On the otner hand, if 

an important attribute is not considered some- 
where in the decision process, this could have 
serious consequences. One can think of many 
ways to interact with the client in selecting 
the attributes to be included, but avparently 
none have deen tested for their strengths and 
weaknesses. Consequently at this point we must 
be satisfied with simply being aware of the 
problem. Hopefully, explicit recognition of 
the issue will help us to avoid any major 
disasters." 


taken at the beginning of this analysis to stress 
Opinions and choices of attributes were based on 
experience with the Guantanamo plant. A basic as- 
in the development of any MAU model must be that 


t owner is familiar with his plant and can organize 


his opinions pertaining to plant effectiveness as specified 
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in the CONTEST method. If the owner is not familiar with 


his plant, it will be in his best interests to retain a 


(60) 


consultant to develop his model. 
Integrating the sixteen attributes into a compre- 
hensive whole, Figure 4 provides an illustration of the 


evaporator MAU model structure. 


FACTOR 1: Production 
Group A: Energy addition 
Group B: Vessel vacuum regulation 
Group C: Distillate collection 
Group D: Process containment 


Pacelli e ws Quality Control 
Group A: Product-mist separation 
Group B: Product-brine separation 
Group C: Brine anti-foaming 
Group D: Product-heat recovery water separation 


PaGeOr Tits*Efficiency Control 
Group A: Stage separation 
Group B: Heat recover 
Group C: Brine recycle 
Group D: Chemical feed 
FACTOR IV: Reliability 
Group A: Condensate pump redundancy 
Group B: Brine pump redundancy 
Group C: Product pump redundancy 
Group D: Degasification 
Guantanamo Evaporator MAU Structure 


Figure 4 


The model can be included in the contract posing the follow- 
ing specifications: 
(A) Analyze all jobs passing the threshold evalua- 


tion monthly and select a job from among them having the 
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greatest central tendency as regards its possible benefic- 
ial effects on plant improvement in "FACTOR I, Group A: 
Energy Addition". 

(B) Similarly, proceed to select a job with the 
greatest central tendency in "Vessel vacuum regulation” and 
so on, through “Degasification". 

(C) For each job other than the one with central 
tendency, consider the effect that accomplishment of this 
job might have, first, on plant improvement in “energy ad- 
eacion’. 

(DB) Assess the probability that the effect of the 


job being considered is clearly suverior to the possible 





effect of the job with greatest central tendency on plant 
improvement in "energy addition”, and list the probability 
in matrix form. 

(E) Proceed to assess the probability of superior- 
ity of the job being considered in each of the remaining 
attributes and list the probability in the matrix. 

(F) Proceed in a similar manner for all other jobs 
awaiting work input control. 

When complete, the matrix would appear as in Figure 5. As- 
suming that an honest reward function is included in the 
contract to provide incentive for the contractor to be 
honest in the assessment of probabilities, the owner's MAU 


for each job is found by simply summing the probabilities 
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mor each job across all attributes. 


FACTOR I 
JOB A TSpe! ms @eo2e#e¢8ee JOB My 
Group oT Pro. aHonelehoisieletereis 6 sefsieve.e ooc6 6 6 Pion 
Group B al ' 
Group C Ta 
e 
Group D Pad 
FACTOR II 
Group A Pool : 
| | e 
] e e 
FACTOR IV 
Group A P13,1 : 
Group B Pia 
Group C Pils. #e2?e1sc8cetseeceeelcehlUcOmUCcOlrmhUCcOChC(Cwh HTC FVOlUCTOFHOlhUchOOrUh }HUh Hh SH CFD oer 
Group D P16 oeeeeeveeses eevee © & & & @ ae 


Guantanamo Evaporator Work Input Control Model 


Figure 5 


Simply stated, the concept of ranking each mainte- 
nance job according to its MAU establishes its priority. 
In many existing maintenance management systems, informal 
MAU models are used to assess work priority. In this re- 


gard, the concept of relative ranking by measures of utility 
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EoeestablLish job priority agrees closely with the classical 
(61) 


concepts researched by Corsano. 


4.4 Scheduling 


The assessment of the plant owner's MAU for the 
Maintenance jobs awaiting work input subjectively estab- 
lishes the "expected" ranking of each job in its effect on 
optimization of plant performance. Repeating that the con- 
tract has implemented the "optimization within budgetary 
constraints" concept, scheduling becomes the act of select- 
ing for accomplishment the jobs with the highest MAU ratings 
(priority) to the extent possible within the constraints 
set by the “budget”. 

In many maintenance management systems a "work input 


» (62) 


1s prepared ona 


(63) 


control” schedule or "shop load plan 
monthly basis with more detailed “shop” schedules pre- 
pared on a weekly basis. Work enters the shop load plan 
with "expected" material and manpower availability dates 
and then is moved to the shop schedule when materials and 
manpower are actually available. The shop load plan, then, 
must allow for material lead times and unscheduled manpower 
requirements. 

The material lead time factor is a critical one for 


the plant owner in preparing a complete CM contract. Since 


the owner is purchasing a total service from the contractor, 
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including material coordination, allowance must be made for 
material lead time to ensure that all materials ordered are 
on-board prior to the conclusion of each contract period, 
and similarly, that enough material is always on-board to 
keep the corrective maintenance forces employed. In this 
regard, it can be expected that the "mean" lead time for 
materials used in a plant will be about 90 days. The owner 
must ensure that at least enough materials are on-board at 
the beginning of each contract period to last for 90 days 
and that all resources earmarked for material procurement 
are obligated, say, 120 days before the end of each contract 
period. The initial 90 day factor is necessary to keep 
corrective maintenance forces employed until long-lead ma- 
terials arrive and the 120-day factor is necessary to en- 
sure that all materials are on-board prior to contractor 
demobilization if he does not get subsequent years’ con- 
bmactS. 

Accordingly, the owner should specify the rate at 
which the contractor is to expend the resources specified 
in the contract bid items for corrective maintenance. As 
a general rule, the owner may want to specify that one- 
twelfth of the budget comronent for mannours of direct la- 
bor be scheduled at the beginning of each month starting 
with the initial month of the contract period and continu- 


ing through all twelve months (assuming a one-year contract). 





&3 


On the other hand, the direct materials component of the 
budget should be expended at the rate of one-eighth per 
month beginning with the first month and continuing through 
the eighth month's schedule. 

The shop load plan, which is prepared at the begin- 
ning of each month, is actually a projection of the long 
range plant requirements. Much of the work on the shop load 
plan is projected for 90 days with some as much as 6 months 
away. In this regard, work entered on the shop load plan 
by the contractor during the seventh and eighth months of 
the contract period is projected into the next contract 
period. Scheduling during the ninth through twelfth months 
will be "shopv" scheduling because the material budget is 
obligated by the eighth month. Since materials for the 
pro jected work should be on-board by the beginning of the 
next contract period, the work plan, the schedule, and the 
material availability are the basis for an explicit per- 
formance specification for the first 90 days of the subse- 
quent year's contract. This work meets the classical con- 
ditions established for contractual yaeoueaneea le” 

(a) it is identified by measurable units; 

(bd) it is estimated in advance; 

(c) it is described in a job plan; and 

(d) it is scheduled. 


The contract forces mobilize with 90 days of work scheduled 
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and demobilize with all materials ordered during the contract 
period staged on-board. It is important that the owner de- 
lay the final month's progress payment to the contractor 
until all materials are on-board in case discrepancies arise. 
This function .should be an integral part of the contractor 
quality control element described in Section 3.3. 

Based on the requirement that 90 days of work be 
scheduled at the beginning of the contract period and the 
material budget be obligated by the eighth month, it is 
seen that the first contractor shop load plan (in January) 
will project work beginning in April and ending the second 
week in May. Similarly, the February shop load plan will 
project work from mid May until the beginning of July, and 
so on, until the August snop load plan will project work 
until the end of Marcn of the following year. 

Work generated through inspections during August 
through December will be backlogged for consideration in 
the preparation of the January shop load plan by the sub- 
sequent year’s contractor. 

An important attribute necessary for a flexible 
scheduling system is that it must accommodate emergency 
work. The term “emergency work” implies (a) that it takes 
priority over other work being performed, and (b) that it 
must be accomplished immediately. The fact that a job is 


an emergency implies that it was not detected through the 
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preventive maintenance inspections soon enough to correct 
the deficiency before it became an emergency and it there- 
fore indicates the limitations of human inspectors. 

There would be no ambiguity, then, if the owner 
specified that the contractor determine emergency work and 
circumvent the scheduling procedure to immediately schedule 
Such work. The procedure of circumventing the scheduling 
procedure simply says that tne emergency work has a proba- 
bility of 1 that it is "clearly superior to norm" in each 
of the owner's MAU attributes and that it would have been 
scheduled earlier if it had been detected earlier. In this 
regard, the contractor is following the MAU model in the 
work input control element since he iS asSigning a probabil- 
meye or i to “clearly Superior to norm” in a virtual sense. 
To the extent that the contractor is assigning a virtual 
probability to the various attributes in the owner's MAU 
model for the emergency work, ne will be subject to incen- 
tives to be honest in his assessment of probability as dic- 
tated by any reward structure that may be introduced into 
the contract by the owner. 

It is now appropriate to discuss how the owner can 


develop an honest reward structure for the contract. 
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5.0 A NATURAL IMPUTED REWARD STRUCTURE 


Se) peoeneral 


The contract framework developed in the previous 
chapters provides many controls and safeguards that tend to 
protect the owner’s interests in plant maintenance. How- 
ever, unless the owner adequately deals with the issue of 
how to engender honesty on the part of the contractor in 
his efforts in all areas of maintenance management in gen- 
eral and his assessment of MAU probabilities in particular, 
the owner's interests cannot be fully protected. 

It is desired that the contractor report the MAU 
probability that he really thinks; he should not play games, 
nor distort his “true" feelings. For example, he may wor- 
ry that if he says that the event "Superior to norm" has 
probability P(0;) = 0.9, the owner will do some utterly 
foolish thing, and therefore he might say P(@)) is 0.5 to 
prevent the owner from doing harm to himself and to society. 
Or better yet, he might be worried that if he says P/0@)) 
is 0.9 and not 6} occurs, then he wili be totally discred- 
ited; and therefore to hedge against this possibility he 
might be tempted to say P(@,) is 0.5. No, it is desired 
that the contractor say what he really btelieves, therefore, 
the owner must devise an incentive scheme which will make 


mem tell the “truth”. 
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(65) 


Savage states: 
"One interesting way to adjust the rewards and 
penalties of the respondent to the interests of 
the interrogator...is to give the respondent a 
fractional interest in the business involved." 
It 1S appropriate, then, that the owner devise a reward 
scheme for the contractor that will give him a virtual share 
in the plant. In this way, the contractor’s reward is tied 


directly to the owner's utility and when either one gains, 


the other gains. 


5.2 The Profit Incentive 


In order to devise a business sharing scheme for 
contractor reward it is of interest to analyze the various 
pricing arrangements normally used in contracting. Althcugh 
there are many forms of the basic pricing arrangements, the 
analysis can be facilitated by distinguishing two polar con- 
Pract types. 

At one extreme is the firm-fixed-price (FFP) con- 
tract. In this type of pricing arrangement, the contractor 
promises to deliver to the owner certain goods or services 
at a price which, after agreed upon by the contractor and 
owner, is not subject to adjustments reflecting actual costs 
to the contractor. The profit to the contractor, then, 1s 


the agreed upon contract price minus his actual costs. 
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At the opposite extreme is the cost-plus-fixed fee 
(CPFF) contract. In this type of contract, the owner and 
the contractor initially agree upon a fee or profit amount 
based on an estimate of the contract costs. The cost esti- 
mate 1s not binding; the owner agrees to reimburse the con- 
tractor for all allowable expenses incurred in executing the 
Semvract. Thus, the “price” in a CPFF contract is flexible, 
whereas, the fee is fixed. Since the fee is not reduced if 
the “price” rises it can be said with certainty that the 
CPFF contract provides a weaker incentive for cost reduction 
and efficiency than the FFP POnenae ts ae 

All of the financial risk involved when actual costs 
rise above the agreed upon costs is borne by the contractor 
in the FFP contract and by the owner in the CPFF contract. 
In this sense, the two pricing arrangements are polar al- 
ternatives. A third contract pricing arrangement has been 
created to fill the gap between these two poles, the fixed- 
price-incentive (FPI) contract. 

In the FPI contract, variations in actual costs from 
the originally negotiated estimate are shared by the owner 
and contractor. Initially a target cost, a target profit, 
and a sharing proportion are negotiated. The target profit 
is usually a certain percent of the target cost. Assume 


that the contractor's sharing proportion was negotiated at 


20 percent and actual audited costs turn out to be 31 mil- 
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lion less than target cost, $200,000 is added to the con- 
tractor’s target profit, the remaining $800,000 reverting 
to the owner. Conversely, if actual costs exceed the target 
cost then the contractor's profit will be reduced by 20% of 
the excess and the owner will absorb the balance. 

penerer so Suijaen Wey and MoeCal1 ©) State that 
the FFP and CPFF pricing arrangements are special cases of 
the FPI pricing arrangement and that the entire spectrum of 
contractual pricing arrangements can be represented by an 
analytically tractable algebraic formula for the FPI ar- 
rangement. Let th be the negotiated target profit amcunt, 
@etne contractor's sharing proportion, Cm the negotiated 
mareet coSt, and Ca the actual cost charged to the contract. 
Mien, the contractor's profit, tc can be expressed as fol- 


(66) 


lows: 
Lie; = Tp 2 ae (Cm - Cy) (8) 
The fact that the FFP and CPFF contracts are special cases 


of the FPI pricing arrangement can be demonstrated by show- 


ing the range of Z for each contract type: 


Contract Type sharing Proportion 
BRP Z=1.0 
jeaeadt O<Z<1 
CPE “= 0) 


It seems clear that contractor profit can be maxi- 


mized and/or risk minimized by the proper selection of the 
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parameter Z for the contract pricing arrangement. Research 


by Deneren 607 


confirms that contractors simultaneously ex- 
hibit both profit maximization and risk minimization behav- 
lor and can be expected to be motivated by both. Since the 
Sharing proportion, Z, relates directly to both of these 
motivating factors, the adoption of the FPI pricing arrange- 
ment to the comovlete CM format can provide the vehicle 
maeoush Which to relate the contractor's motivating factors 
and the owner's utility for plant maintenance. 

By adopting the FPI pricing arrangement and comput- 
Mie contractor profit according to equation no. (8), it is 
seen that the contractor can maximize his profits by mini- 
mizing Ca and maximizing Z. It is logical that the owner 
amalt Want to capitalize on this contractor motivation and 
therefore the owner should somehow relate Z to his measure 
Seemaintenance effectiveness or MAUs If the factor, Z, is 
directly related to owner MAU then as the contractor at- 
tempts to maximize Z he in turn maximizes the owner's MAU. 
In this context, Z is not a "constant" negotiated between 
the contractor and owner but rather it is a "variable" con- 
eeotlable by the contractor. 

In order to relate Z and owner utility, Z must be 
expressed in terms of an owner-held measure of effective- 
ness. In this regard, it is appropriate to discuss how a 


coherent measure of effectiveness can be formulated that will 
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adequately reflect the owner’s utility for contractor acts. 


5.3 A Measure of Effectiveness 


The adjustment of contractor reward according to an 
owner-held measure of effectiveness has had extensive ap- 
plication by the Pennsylvania Department of Transportation 
(PennDOT) in the area of contractor prequalification. Penn- 
DOT computes the dollar volume of construction that each 
potential contractor is qualified to perform for them ac- 


cording to the formula: ‘71) 


aot) (Cate 14s) (9) 
2 
where 2 = qualification amount, 
C = net working capital, 


Pe-easciemed ability factor (1 to 12), 

L = line-of-credit statements, and 

E = book value of equipment. 
Within this formula, the “assigned ability factor” or "F" 
factor takes on the role of a PennDOT measure of effective- 
mess for the contractor. To determine the F factor for each 
contractor, PennDOT rates each contractor for (a) attitude, 
(b) cooperation, (c) management capabilities, (d) work per- 
formance, (e) equipment, and (f) organization. Each of 
these attributes is weighted and exhibited in an MAU matrix 
a2) 


where: 


. 
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5S] = cooperation + attitude, 
So = equipment, 
33 = organization + management, and 
Ses VOoK pertormance. 
The utiles or "S" values are weighted and summed to compute 


ae) 


F as follows: 


= So Sat Sao Sh c 


ms (10) 
& 6 60 2 


F, then, 1S a measure of the PennDOT multi-attribute utility 
mor eacn contractor’s ability. | 
Since this “measure of effectiveness" concept has 
had successful application with PennDOT, it would appear 
that a similar concept could be applied to the complete CM 
format. By setting Z equal to the factors that make-up the 
Sxner S multi=-attribute utility, the contractor’s effort in 
maximizing Z is directed toward those aspects of the con- 
tract of most importance to tne owner. In this regard, it 
has been stated in Chapter 4 that the owner's MAU is a func- 
meomeot plant production, quality control, efficiency, and 
reliability. Thus, the proper measure of effectiveness for 


the owner to establish as the argument of Z is: 


et prod, qual, eff, rel). (J) 


(73) 


Referring to Grey's recommendation that a contractor's 


performance award be based on his relative effectiveness in 
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multilling performance elements (attributes) established by 
the owner and judged by the owner, it is clear that the own- 
er must establish a “benchmark" for each of the attributes 
from which he may measure the contractor's relative effec- 
tiveness in fulfilling the owner's MAU. He must also estab- 
lish a threshold performance limit below which any further 
deterioration in performance is unacceptable. A reasonable 
benchmark for each of the attributes might be the average 
plant performance in each attribute during the last year of 
operation. A reasonable threshold limit might be set at 3/4 
of the benchmark. Adopting these measures as the plant ideal 
and then comparing the actual plant performance to the ideal, 
the expression for the sharing proportion would become: 
Z= f (actual-threshold vrod, actual-threshold qual, 
(ideal production ideal quality 
actual-threshold eff, actual-threshold rel) 
ideal efficiency Wdeatce liao lity a eZ) 
Since the owner is indifferent in his preferences 
among the four attributes and Z must be limited to the range 
eo = 1, the algebraic formulation of Z can be conceptua- 
lized as a weighted average of the four owner-held attributes 
as follows: 
Z= (Pa-3/4Pi) , (2a-3/4Oy) 4 (2g-37HES) 4 (RA-3/4R3) (13) 
i ai Ei Vt 


<2 = il 
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Now, combining equations (13) and (8) we get: 


ee pe” gee + (Q,-3/4Q;) + 


ek a5 
(Eq-3/4E3) + (Ra-3/4R;3) | (Cp-Ca) 
ee : (14) 


Expression (14), then, directly relates contractor profit 
(losses) to the effectiveness of plant performance in the 
four major owner-held utility attributes. It is now appro- 
priate to discuss how this relationship can operate to en- 
Pender honesty on the part of the contractor in his assess- 


ment of MAU probabilities. 


5.4 Reward to Engender Honesty 


In 1969, Howard va eee 7, developed a theory on 
“Natural Imputed Reward Structures" and discussed the role 
that such reward structures play in providing incentives 
for honest probability assessments. In this regard, the 
Raiffa theory is pertinent to the plant owner's motivating 
problem and is summarized below. 

Suppose that the contractor, acting as an expert 
probability assessor, announces a probability measure 
p = (p), «++ » Py)» Where p; is the probability of event 
Ei, and then acting as the owner's maintenance decision 
maker, he uses this distribution in the maintenance job 


scheduling problem. In particular, suppose that if he chose 
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maintenance job my, and event E; occurs, then the owner’s 
utility payoff is u;(m,). If the contractor says p, then an 


(74) 


optimal maintenance job shall be chosen to maximize: 
Ei=1 Py uz (m,). (15) 


Let the optimal maintenance job, for a given p, be denoted- 
ly m9(p). Hence, if the contractor says p and then selects 
m9(p) and if event E; occurs, then the owner's utility pay- 
Bef 1S us m9(p) , which can be abbreviated as Uj(p). 

A natural imputed reward structure for the contrac- 
tor can be defined as follows: If he says p and les occurs, 


(74) 


his reward is: 
a+b Uy (p) (16) 


for some a and b> QO. 

Suppose that a and b are chosen such that the con- 
tractor has a linear utility function for reward payoffs. 
In this case if he really feels mw and says p, then his ex- 


oe) 


pected reward is: 


r(m, p)=avtrbdZQ. 


s=1 Ti Ui (2). aly) 


——— 


According to ease. (ae if the owner uses this 
natural imputed reward structure, "...tnen there is no in- 


centive for our expert not to tell the truth, since: 


Pie ety wyyetor all p. 





96 
This follcws readily since: 


r(m, p) =a+ bX, mu, mp) < 


at b bj TWeUs m9 (1) =r Guy ens 


The key implication of the Raiffa theory is that the 
reward structure pays off the contractor in accordance with 
the extent to which the owner’s utility payoff, u;(m,), is 
actualized. In this regard, the natural imputed reward 
structure gives the contractor a virtual share in the own- 
er*‘s business. In so doing, an explicit reward structure 
1s not presented to the contractor since he cannot quantify 
the results of each of his acts in an explicit sense. How- 
ever, Savage sexs 

"Business Sharing does not present the expert 

Wetdweam explicit reward structure in any bus= 

iness complicated enough to provide a more 

than mechanical role for the managers, lin 

particular in any business in which tnere are 

other uncertainties than those about wnich the 

eeaver pels consulted, but an implicit structure 

is as effective in principle as an explicit 

one." 

Additional writings on honest reward functions that 
Support the Raiffa theory can be found in De ner 0 
Miler, 6??? and Paorenee, Oe 

It is asserted that the reward structure implied by 
expression no. (14) is a natural imputed reward structure. 


In the context of that expression, the contractor gains on- 


ly if the owner gains and his maximum effort is accordingly 
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directed toward the area of plant maintenance of most im- 
portance to the owner. The motivating factor that provides 
mee scOntractor with his incentive is profit maximization. 
It was previously asserted, however, that research 
has shown that contractor's have a dual nature when faced 


(70) Contractors tend to 


mith Sltuations of uncertainty. 
exhibit both profit maximization and risk minimization be- 
havior when faced with uncertainty. The assessment of risk 
is a major component in the decision criteria of business- 
mean In this regard, it is considered appropriate to 
develop a reward structure that will capitalize on tne con- 
tractor's risk minimization behavior as well as his profit 
maximization behavior. 

It is clear tnat the contractor will have a pesi- 
tive incentive to maximize Z as long as his actual costs are 
less than the target costs. However, if for some reason 
Ca should exceed Cp it will be in the contractor’s inter- 
ests to minimize Z and thus remand a large portion of the 
losses to the owner. This ambiguity would have catastro- 
phic consequences for the owner since the tendency would 
not only be to minimize his MAU but the owner would also 
Sutter a large portion of the contractor's financial loss- 
es. 


In order to avoid this problem and to capitalize 


on the contractor’s risk minimization behavior, the reward 
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structure must include a mechanism that allows the contrac- 
for tO minimize his losses by maximizing Z. This goal can 
be achieved by computing contractor profit based on two 
different expressions, with the applicable expression de- 
pending on whether or not Cp = Cy > 0. 

Suppose that Cn - C, >= 0, then the Contractors 
motivation would tend to be to maximize his profits and he 
would maximize Z in expression no. (8). On the other Rand: 
Suppose that the contractor’s costs are greater than he an- 
ticipated and Cn - C, < 0, then expression (8) would pro- 
vide a negative motivation since he now is interested in 
minimizing his losses. . 

It is in the owner’s best interests, then, to de- 
rive an expression tnrough which the contractor can minimize 
his losses by maximizing Z. Such an expression is as fol- 


lows: 
To = TM + (1 - Z) (Cm - Cy) (18) 


For those instances in which Cm - Cy < 0, the contractor 
can minimize his losses as long as he provides a maximum Z 
value. 

The two expressions for the FPI pricing arrangement 
previously developed provide a natural imputed reward struc- 
ture tnat covers both profit maximization and risk minimiz- 


meron behavior on the part of the contractor. The contrac- 
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tor can maximize his profits or minimize his losses only 
insofar as he maintains a high value of Z. In the context 
Oi the Raiffa theory, then, the contractor is obliged to 
provide an honest assessment of the owner's MAU probabili- 


ties for each maintenance job. 
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6.0 CONCLUSION 


6.1 Summary 


It has been the primary objective of this work to 
develop a priority assessment and scheduling decision model 
for a complete CM agreement. The significance of such a 
model is perceived as being its possible contribution to the 
resolution of the contractor decisions ambiguity that ex- 
ists in current CM contracts. A contractual framework has 
been needed that provides a low contractor risk alternative 
to force account maintenance and includes controls that will 
protect the plant owner's interests. Accordingly, since 
the low contractor risk required precludes the use of firm 
fixed-price pricing arrangements and existing CM practices 
in cost-plus pricing arrangements do not adequately protect 
the owner's interests, a contract framework has been needed 
that contains a pricing arrangement between fixed-price and 
cost-plus but includes the necessary features to ensure 
that contractor decisions are in the owner's best interests. 
This thesis has been dedicated to tne development of sucha 
contract framework. 

In the development of a complete CM scheduling de- 
cision model, it has been shown that a number of plant own- 
ers, particularly in the-private sector, prefer to have a 


complete CM service but fall short of this goal because of 
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the contractor decisions versus owner interests dilemma in- 
herent in present CM methods. A review of the experience 
with existing CM contracts strongly indicates that in order 
to protect the interests of the plant owner a basic require- 
ment for any CM agreement must be the inclusion of the prin- 
Ciples of maintenance manazement as contract specifications. 

The decision-making structure of maintenance manage- 
ment is designed to deal with the two broad areas of mainte- 
nance action: 

(a) routine preventive maintenance in which the 
maintenance requirements calling for decisions can be an- 
ticipated and the decisions “programmed” into the program 
EeGucture; and 

(bd) non-repetitive corrective maintenance in which 
the maintenance decisions cannot be anticipated and “pro- 
grammed" a priori. 

The concept of programming decisions in the mainte- 
nance management system tends to protect the owner's inter- 
ests since it removes opportunity for autonomous contractor 
decisions that may conflict with owner interests. Where 
decisions cannot be programmed, it has been shown that the 
owner's interests can be protected through maintenance man- 
agement by requiring: 

(a) continuous inspections to determine emerging 


corrective maintenance requirements; 
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(b) planning and estimating to quantify the work 
identified; 

(c) determining job priority through an owner- 
created Multi-Attribute Utility (MAU) model; and 

(d) scheduling jobs according to MAU priority with- 
in the constraints of owner-established limits on material 
and labor. 

In order to gain maximum effectiveness from the CM 
maintenance management program it was asserted that a mech- 
anism must be included in the contract to assure contractor 
muabrty control (Cec). The CQC function is designed to pro- 
Vide positive feedback from the contractor to the owner that 
the contractor is indeed performing the various functions 
required in the maintenance management program. Several ex- 
isting contracts were reviewed that successfully incorpor- 


(80) 


ate CQC principles. The contracts included NASA, the 


(81) (82) 


no. Navy, Getty O11, and Columbia Nitrogen Corvor- 


(83) 


ation. The essence of the CQC system is that it requires 
mae contractor to control his own fulfillment of the contract 
specifications and to formally certify to the owner in writ- 
ing that he has done so. Additionally, the owner inspects 
the results of the contractor's actions and maintains sur- 
veillance over the progress of the contractor’s maintenance 


management program. It has been asserted that through these 


three elements, i.e., contractor quality control, owner in- 
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Spection, and owner surveillance, coupled with the princi- 
ple of “honest reward" the owner is assured that the con- 
tractor is physically fulfilling the contract specifications. 

The maintenance management component of the proposed 
CM framework provides an effective means of programming 
“routine” CM decisions and the CQC-nonest reward component 
insures compliance with the specifications. The remaining 
issue that evolves from a complete CM agreement is how to 
resolve corrective maintenance uncertainties a priori in 
Such a way that the owner's interests are protected with 
minimal risk to the contractor. A method was proposed that 
uses the time-proven concent of “optimization within bud- 
getary constraints” for work scheduling. 

In order to minimize the contractor's uncertainty 
about corrective maintenance requirements, and, consequent- 
ly, his perception of the risk involved in accepting the 
contract, the proposed CM framework requires explicitly 
that the contractor provide a maintenance management serv- 
ice that includes PM inspection, planning and estimating, 
work input control, material coordination, shop scheduling, 
job accomplishment, and management reporting. PM inspec- 
tions and planning determine emerging corrective maintenance 
requirements and quantify those requirements. In the work 
input control element, decisions must be made whether or not 


to accomplish each specific job considered for work input. 
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The owner would desire that these decisions always 
select jobs for accomplishment that contribute to his mea- 
sures of plant effectiveness and do so within the resources 
that he has available for the purpose. In this regard, since 
it 1s not possible to program the work input control deci- 
sions a priori, the proposed CM framework introduces certain 
“mechanisms” that would limit contractor risk but meld the 
contractor work input decision process to include owner-held 
MecisiOn criteria. Additionally, a reward structure is in- 
troduced to engender contractor honesty in the assessment 
of work priorities. 

The work input control mechanisms proposed for the 
complete CM framework provide two functions: (a) contractor 
risk minimization, and (b) optimization of maintenance ef- 
fectiveness within owner established constraints. An impor- 
tant aspect of contractor risk minimization is the limita- 
tion of the variance of magnitude of individual corrective 
maintenance jobs that the contractor will be responsible 
for accomplishing. This goal is achieved by establishing a 
mechanism that sets a job magnitude limit (say 38000 in di- 
rect materials and 1000 manhours of direct labor) and spe- 
cifies that the contractor submit every job considered for 
work input to a preliminary “threshold evaluation” to deter- 
mine if the job falls outside the envelope of acceptable 


magnitude. If the job falls outside the envelope, the con- 
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tractor is directed to submit the job to the owner for 
action and the contractor has no further responsibility for 
the job. The threshold evaluation mechanism has been used 
Successfully by the U.S. Navy in its Contender Evaluation 
and Selection Technique (contest) (84) for selecting R and 
DeecOncractors and in its Shore Facilities Planning and Pro- 
gramming Soren for managing facilities requirements. 

Two additional contractual mechanisms are included 
to actualize a "maintenance optimization within budgetary 
constraints” concept. One mechanism formally defines ina 
behavioral decision model the criteria upon which optimiza- 
tion is based. The behavioral model “programs” in the con- 
tract the weighted attributes of the owner's utility for 
plant maintenance and is consequently called a Multi-Attri- 
bute Utility (MAU) model. The MAU model provides the basis 
for a contractor determination of the relative utility of 
each job considered for work input and requires only that 
the contractor assess the probability that each job is 
Bsuperlor to norm”. in this regard, the relative priority 
of each maintenance job is established based on owner pre- 
ferences and at the exclusion of contractor preferences. 
Therefore, the MAU model mechanism contributes to mainte- 
nance optimization as measured from the owner's viewpoint 
rather than from the contractor's viewpoint. 

The next mechanism involves the establishment of a 


corrective maintenance “budget” in the contract and re- 
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quiring the contractor to select the highest priority jobs 
determined from the MAU model for accomplishment within the 
budget. The "“budget™ would consist of an owner established 
limit on manhours of direct labor and dollar value of di- 
rect materials to be allocated for corrective maintenance. 
Through these explicit limits introduced as bid items in 
the contract, the contractor has the necessary information 
upon which to base his proposal for the corrective mainte- 
nance aspect of the plant maintenance requirements. 

In order to actualize the functional aspects of the 
maintenance management program and the work input control 
mechanisms, the proposed contract framework introduces the 
concept of a “natural imputed reward structure" to engender 
contractor incentive to perform in the owner’s best inter- 
ests. The reward structure relates contractor profit max- 
imization and loss minimization behavior to the owner's 
measure of plant effectiveness, Z, where Z is a function of 
the actual versus ideal plant production, quality control, 
efficiency, and reliability. 

A review of the overall contractual system develop- 
ed in the thesis indicates that the system incorporates 
five basic features for owner control of contractor actions 
and consequent protection of owner interests. The first 
feature is that of programmed decisions in the maintenance 


management program. The contribution of this feature to 
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the protection of owner interests is to minimize the oppor- 
municy tor autonomous contractor decisions. 

NaCmocCOMuereature IG that of contractor Guality 
control. The contribution of this feature is the assurance 
to the owner that the maintenance management functions spe- 
cified in the contract are being carried out. 

The third feature is that of programmed owner pref- 
erences for maintenance utility attributes and consequences 
of maintenance acts in job priority assessment. The contri- 
bution of this feature to the protection of owner interests 
is to inject owner preferences into the work input control 
process at the exclusion of contractor preferences. 

The fourth feature is that of maintenance optimiza- 
tion within resource constraints. The contribution of this 
feature to the protection of owner interests is that it 
provides the vehicle through which the owner might gain the 
maximum benefit possible, in terms of maintenance, within 
the resources that he has made available for that purpose. 

The fifth feature is that of a natural imputed re- 
ward structure to engender honesty on the part of the con- 
tractor. The contribution of this feature to the protection 
of the owner's interests is that it provides the medium 
through wnich the contractor may be motivated to be honest 
and responsible in his efforts as they apply to all areas 


of maintenance management. 





108 


A further review of the proposed contractual system 
Shows an administrative framework, fully defined in a plant 
manual, constructed of a maintenance management system com- 
ponent, a contractor quality control component, a work input 
control component comprised of three mechanisms, i.e., thres- 
hold evaluation, MAU model, and budget, and an honest reward 
Structure component. Embodied in these components and mech- 
anisms are certain features that contribute to protecting 
the owner's interests and other features that contribute to 
minimizing the risk that may be perceived by the contractor. 
All of the components are interrelated through the measure 
of maintenance effectiveness, Z, as are the owner’s inter- 
ests and the contractor’s motivational factors. An illus- 
tration of how the various aspects of the proposed contrac- 
meebesystem interrelate is provided in Figure 6. 

The positive relationship of Z to the various as- 
pects of contractor motivation and owner interests raises a 
number of questions about the need for a decision theoretic 
approach to the contract. Indeed, if the contractor is mo- 
tivated to maintain a satisfactory level of maintenance be- 
cause an honest reward structure is offered to him, why 
should the owner want to build an MAU model to protect his 
interests? 

There are two basic reasons why the owner should in- 


clude an MAU model in his contract. The first is the con- 
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(86) 


cept of “bounded rationality" as coined by Simon but 


Originally discussed by Franklin. It is recalled that 
Franklin apes ee 
"When these difficult cases occur, they are 

difficult, chiefly, because while we have 

them under consideration, all the reasons-- 

pros and conS--are not present to the mind 

at the same time." 
In this regard, it is prudent to provide a decision model 
that places "...all the reasons--pros and cons--..." before 
the contractor. The second important reason for including 
a MAU model in the contract is based on the tendency for 
Managers to exhibit variance in their decision making be- 


ee) 


havior as discussed by Bowman. In order to minimize 
this variance, a decision model that disciplines the deci- 
Sion process is necessary. Although honest reward inight 
correlate BA eae tor Motaveavion and» owner Utility, it could 
not control the realities of bounded rationality and deci- 
Sion variance in the contractor. 

Another question that arises is “if all of the ex- 
penses of the contract can be identified and quantified by 
the contractor, then wouldn't the contractor's expected ac- 
tual costs, E(C,a), approximately equal the negotiated or bid 
cost (Cn) and therefore negate the incentive factor in wc = 
Tp + Z(Cm = Cie Ieistaeberelal en Hiecesa sO indicates the fol- 
lowing: 


Cee heecaise. O21 une peculiar sharing rule that 
characterizes these contracts (FPI contracts), 
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it is difficult for the government to distin- 

guish between high and low-cost firms on the 

basis of the submitted bids or target costs. 

The fact that efficient or low-cost firms 

must share some of their profits-difference 

between target costs and actual costs-with 

the government induces them to submit cost 

estimates higher than expected costs." 

It is logical to assert that a potential contractor 
can gain by increasing the target costs to a level higher 
than his expected actual costs and therefore his profit 
maximization motivation will cause him to do so. Assuming, 
however, that competitive negotiations determine the success- 
ful contractor; the fact that the owner has most of the in- 
formation necessary to prepare a viable estimate of costs 
and establish a sound nezotiating position coupled with the 
element of competition present in the transactions, will 
tend to minimize the magnitude of difference between E(C,) 
and Cp. A few areas where a potential contractor might ne- 
gotiate for a higher target cost than he expects his actual 
costs to be are direct labor rates, home office overhead, 
field overhead, material indirects, and labor indirects. 
Based on documented experience with past FPI contracts, 
then, and the nature of the proposed FPI formula, it is as- 
serted that C, will tend to be greater than E(C, ) ene tolmes! 
positive incentive to maximize Z is therefore provided. 

A third question that can be raised when one as- 


sesses the implications of the risk minimization concepts 


proposed in the complete CM system is “does the contractor 
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assume any risk at all for plant malfunctions?" The answer 
to this question lies in whether C,, # C,. Due to the honest 
reward structure, any plant failures would tend to reduce 
Z and as long as Cp # Ca the contractor's profits would de- 
crease or his losses would increase by an amount proportion- 
al to the reduction suffered in Z. In this regard, the 
contractor does assume risk for plant malfunctions. Based 
on the tendency of contractors to negotiate (or bid) a val- 
me Of Cp Sreater than EGC, it is asserted tnat the direct 
correlation of Z to plant performance induces a positive 
incentive on the part of the contractor to avoid plant 
malfunctions. 

The questions raised above about the proposed deci- 
Sion theoretic approach to contractual maintenance attempt 
to disassemble the basic assumptions upon which the contract 
framework is based. In this regard, the interrogation of 
the system foundations is an important part of the decision 
theoretic, operations research, systems analysis, or any 
other quantitative approach to problem solving. Only the 
most unsophisticated systems can be abstracted to mathema- 
tical formulae and therefore must involve human judgement. 
To the extent that systems do involve human judgement, these 
judgements must be subject to open and explicit analysis. 
It 1s considered appropriate to quote the views of Dr. 


Alain Enthoven, Assistant Secretary of Defense (Systems 





joe 


‘Analysis), concerning the role of human judgement and open 


(88) 


analysis in systems analysis: 


"The essence of systems analysis is not myste- 
rious, nor particularly complicated, nor en- 
tirely new, nor of special value only to De- 
fense planning. Rather, it 1s a reasoned ap- 
proach to highly complicated problems of choice 
characterized by much uncertainty: it provides 
room for very differing values and judgements; 
and it seeks alternative ways of doing the job. 
It 1s neither a panacea nor a Pandora's box. 


"Decisions must be made by responsible offi- 
Cials on the basis of fact and judgment. Sys- 
tems analysis 1S an effort to define the is- 
sues and alternatives clearly, and to provide 
responsible officials with a full, accurate, 
and meaningful summary of as many as possible 
of the relevant facts so that they can exer- 
cise well-informed judgment; it is not a sub- 
stitute for judgment. 


“It helps by isolating those areas where 
judgment must be applied and by indicating 
to the decision maker the vctential signi- 
ficance of each of the alternatives ne might 
choose. Systems analysis is not a wholly 
rational basis for decision making or a 
technocratic utopia where judgment is a 
Macmime PDLOdNet. 


wameron lt.) tt 1s based On the fact that 
most decisions in Defense are at least part- 
ly susceptible to rational treatment, and it 
tries to deal with these in a disciplined 
way, leaving tne resronsible decision makers 
more time to vonder the imponderables and 
weigh the intanzibles. 


",eeoystems analysis is a method of inter- 
rogation and debate suited to complex, 
quantitative issues. Systems analysis is 

a set of ground rules for constructive de- 
bate; it gives the varticipants useful guide- 
lines for proceeding to clarify and resolve 
disagreements. ‘It requires the participants 
to make their metnods of calculation and 
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Moi lity 


for 


mode 


wae aSSMaptiONS explicit so that they can 
be dewbiocon=cKhe dy rt Welses to reentify un- 
certainties, maxes tnese uncertainties ex- 
plicit, an@ alds in eweluatime their imvor- 
Lameoe@ amc It Whemtifies and isolates issues. 
“Systems amalysis usually includes some cal- 
emidations. Where appropriate, it inmebudes 
tne applicasi on of mocern mevtnocs of quanti- 
tative analysis, itmcluding economic tneory, 
matnematical 5 Hl hae toa mathematical oper- 
ations researcn, and various tecnniaues 
known as decision theory. However, systems 
analysis iS not synenyrous with the applica- 
Li0m OP’ these mathematical tecnniques, and 
much of whe MOSt important systems analysis 
work in the Department of DeTenmse does not 
use them, 

"Deciszens of the kinthwe ere discussing 
turn in large part on juydzewents about gues- 
tions of walme and umcertaim or unkpowabdhe 
f2aecS. Webedy chales that systems analysis 
automagically procuces Zood Gecisions or 
that all tne decisions aided by systems 
analysis neve Geen good ones. i am merely 
SUugzeSting that systems analysis nas voroeven 
to be a useful tool which can nelp the de- 
cision meer, 

"Tre Mo cential of s¥stems analysas is great 
in clarifying d2bdate over vrosram issues, 

in stimulating end recognizing new solutions 
to problems, and in nelpang the Covernment 
to spend money wisely. Within tne limits 

of what any imorovement in manazement can 
Go, I believe #nak systems analysis has the 
pOtEnthal Wo be = MOGL Amecrtient innovation 
in government manacement.” 

Within the limits of Wnat any Improvement in manace- 
a0, “hen, 1% 1S asserted thet the multi-ettribute 
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6.2 Implementation 


The major steps for the plant owner to take in im- 
plementing the contractual framework proposed in this work 
include the following: 

(a) ensure that the plant manual and the maintenance 
management program contained therein suitably describe the 
desired maintenance policy and program; 

(b) ensure that manufacturer's literature is avail- 
able on-site on all major plant components; 

(c) ensure that the plant as-built drawings are 
available on-site; 

(d) determine the equal-weight attributes that com- 
prise the owner’s utility for plant maintenance and create 
a multi-attribute utility decision model; 

(e) determine the threshold limit for individual 
job magnitude beyond which the contractor will not be re- 
sponsible for accomplishment; 

(f) based on prior years' operating records and the 
owner's personal experience, determine the magnitude of di- 
rect labor and direct material to establish as the correc- 
tive maintenance "budget"; 

(g) based on the owner's preferences for vlant per- 
formance and prior years’ operating records, establish the 
ideal or “benchmark” and’ threshold levels of production, 


quality control, efficiency, and reliability and formulate 
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a measure of effectiveness, 2; 

(h) formalize a contractor quality control procedure, 
including report forms and administration format, and enter 
it into the Plant Manual; 

(w) merge the various factors thus created into a 
comprehensive contract specification; and 

(j) after requesting proposals from interested con- 
tractors, competitively negotiate the contract. 

Beginning with a discussion of the owner’s mainte- 
nance management program contained ina plant manual, a re- 
view of Appendix A gives an indication of the magnitude of 
effort required to develop these components for the owner's 
plant if they do not already exist. Because of the magni- 
tude of effort required to develop a viable maintenance man- 
agement program for a process pvlant, it has been a necessary 
assumption of this thesis that such a program is in exist- 
ence for performance by the owner’s in-plant forces before 
serious consideration 1S given to developing a complete CM 
contract. This assumption 1s not considered restrictive 
Since research indicates that many grass-roots* plant owners 
have maintenance management programs developed for their 
Peants during or soon after plant construction. 

The implementation of the maintenance management 
program in a complete CM contract can be accomplished by 


*Grass-roots plants are tnose plants that are under 
construction or have been recently completed. 
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Ewabin= in the contract detall specifications that mainte- 
nance will be in cordance With the procedures outlined in 
the Plant Manual. 

A necessary adjunct to the planning and estimating 
(P and E) element of the maintenance management program is 
a complete set of manufacturers literature and as-built 
drawings. Although these items are often misplaced or in- 
advertently destroyed in “seasoned” process plants over the 
years, their importance to the protection of the owner's 
interests cannot be overstressed. Therefore, an assumption 
of this thesis in developing a contractual framework for 
complete CM has been that comolete sets of manufacturer's 
literature and as-built plans exist. 

In many cases, if complete sets of the literature 
and plans do not exist, experience has shown that literature 
can be acquired from equipment manufacturers for a smali 
fee. Similarly, many architect-engineer firms maintain 
microfilm files on past projects and will make copies of 
desired plans for a nominal fee. Accordingly, when complete 
sets of the literature and plans are established, they can 
be made a part of the contract by stating in the P and E 
element of the maintenance management program that all re- 
placement materials, assemblies, and vrocedures will be in 
accordance with those recommended in the manufacturer's li- 


Merature. oimilarly, it should be stated that all repairs 
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and replacements of plant components will be in accordance 
with the existing as-built design plans and specifications. 
The next step in implementing the proposed complete 
CM framework is to construct the three work input control 
mechanisms, 1.e., MAU model, threshold evaluation, and bud- 
get. First, the MAU model is constructed in a method as 
explained in Chanter 4% The owner (or his designated con- 
sultant) must determine the equal weight attributes that 
comprise the cwner's utility for plant maintenance. In most 
cases these attributes will be production, quality control, 
efficiency, and reliability. Then, within each of these 
general factors, the owner must determine the several equal 
welght elements that provide a thorough yet realistic defin- 
ition of the owner’s utility structure within each factor. 
The number of elements under each factor must equal the num- 
ber of elements under any other factor. Within each factor, 
if each element is equal in weight to the other elements in 
that factor, and if all of the factors are of equal weight, 
then by the principle of transitivity, any element in any 
factor should be equal in weight to any other element re- 
gardless of the factor. Listing the factors and elements 
in matrix form, then, and introducing probability assessment 
procedures whereby the probability of "Superior to norm" is 
assessed for each alternative job for each factor/element, 


the owner’s expected utility for each maintenance job can be 
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provided. 

The implementation of the MAU matrix in the proposed 
complete CM contract can be accomplished by introducing the 
MAU model into the work input control element of the mainte- 
nance management program. As a standard procedure in the 
work input control element, the owner can require that all 
jobs to be considered for work input will be analyzed through 
the MAU model and each job's relative priority will be es- 
tablished based on the magnitude of utility assessed from 
the model. 

Prior to being considered for work input, each job 
must pass a threshold evaluation to determine if that job 
falls outside tne envelove of acceptable magnitude. In or- 
der to implement the threshold evaluation mechanism, the 
owner must first determine the magnitude of the limits on 
direct labor and direct material that he wishes to estab- 
lish the job thresnold. Based on experience with the U.S. 
Navy’s Shore Facilities Planning and Programming System an 
acceptable job magnitude for in-plant responsibility is 
$25,000 total project cost or approximately 1000 manhours 
of direct labor and 38000 in direct materials. 

The threshold evaluation mechanism can be imple- 
mented in the contract by introducing the labor ana mater- 
ial limits in the work input control element of the mainte- 


nance management program. The owner should then introduce 
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procedures requiring that each job to be considered for 
work input first be evaluated to determine if it falls out- 
Side the envelope of acceptable magnitude. The procedures 
should require that those jobs which fall outside the en- 
velope of acceptable magnitude be remanded to the plant own- 
er for a determination of subsequent action. 

The third work input control mechanism that the own- 
er must establish is the artificial annual “budget” for di- 
rect labor and materials to be used in corrective mainte- 
nance. In the first year of the contract, the magnitude of 
direct labor and materials should be based on the owner's 
desire to reduce the backlog of work from the previous year 
and his “expectation” of maintenance requirements to be de- 
termined during the contract year. The final limits selected 
by the owner will be an indication of the level of mainte- 
nance that he desires for the plant. Some plant owners fol- 
low “rules of thumb" in determining the appropriate level 
(89) 


for plant backlog and Correction of anticipated defic- 


(90) 


lenciles. From these "rules of thumb", which in most 
cases are based on plant replacement value and type construc- 
tion, the plant owners that use them are able to subdjective- 
ly establish each year's maintenance budget. 

Once the labor and material limits are established 


by the owner, the budget mechanism can be implemented in the 


contract in two steps: 
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(a) submit a contract bid item calling for an expli- 
cit number of manhours of direct labor and another bid item 
calling for an explicit dollar value of direct materials to 
be used for corrective maintenance; and 

(bd) introduce procedures in the work input control 
element of the maintenance management program that call for 
the selection for accomplishment each month, within the la- 
bor and material limits, those jobs with the highest MAU. 

After the work input control mechanisms are estab- 
lished the owner must determine his desired measure of main- 
tenance effectiveness, Z. The parameter Z must embody two 
primary features: 

(a) it must measure the actual plant performance 
versus the owner's ideal; and 

(b) it must approach zero as plant performance de- 
cays toward an owner-established threshold of unacceptabil- 
ney 

An expression that embodies these two features as 
they apply to a process plant is: 

Z= (Pa-3/4P3) , (Qq-3/4O4) 5 (Eq-3/4E3) 4 (RA-3/4R]) 
Pj 24 ory Rs 


GeaeZ = 0 


In order to create an expression for Z, the owner 
should use the factors that make-up his MAU structure. He 


should then decide the quantitative level for each factor 





that he considers realistically attainable within the re- 
sources that he is making available for the contract and 
establish these factor levels as the “ideal”. He must then 
determine a performance level for each factor below which 
performance is unacceptable. This performance level is the 
threshold of unacceptability. The above expression is only 
one of many that can be used to abstract the owner's measure 
of maintenance effectiveness in this regard. 

When the expression for Z has been determined, it 
can be implemented in the contract by specifying that con- 
tractor compensation will be based on monthly payments of 
actual invoiced cost (Ca) plus a contractor profit computed 


based on the formulae: 


To = My + Z (Cn - Cy) Cp > Ca 


Some maintenance contractors consider the practice 
of invoicing actual costs an advantage worthy of espousal. 


In defense of Ch one maintenance contractor, Mr. J.A. Sul- 


Gry 


livan of Catalytic, Inc., states the followings 
".ee-90mMe of the advantages of contract 
maintenance are noted below: 1. ‘The 
total cost of the contractor’s mainte- 
nance organization is invoiced, weekly 
or bi-weekly, providing management with 
a current accurate total cost record. 
In addition, justification for certain 


expenditures can be demanded in the pre- 
sent tense as a matter of routine....” 
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In order to ensure that invoiced items are in-place 
and that the maintenance management program will proceed as 
anticipated, the owner must establish procedures for con- 
tractor quality control. As delineated in Chapter 3, CQC 
Sernsists Of the contractor's quality control program, owner 
inspection of the results, and owner surveillance of con- 
tractor administration of the maintenance management pro- 
gram. 

The owner can implement the requirement for the con- 
tractor to establish a quality control plan by introducing 
a specification that requires the contractor to submit to 
Gaewowner, prior to initiating the contract, an organization 
chart outlining the responsibilities of each position in the 
maintenance management program, the qualifications of each 
contractor employee filling the positions, and acknowledge- 
ment that the procedures and goals of the maintenance man- 
agement program have been reviewed and understood. Addi- 
tionally, tne owner should require weekly statements from 
the contractor, each certified by a person designated as an 
officer of the company, that each of the PM inspecticns ana 
procedures called for in the maintenance management program 
for that period were performed as specified by the contract 
and that all specific jobs completed were in accordance with 


the applicable plans and specifications. 
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Owner inSpection is implemented by an owner review 
and approval of contractor management reports, spot checks 
on the PM inspection program, and spot checks on specific 
jobs in progress including the performance of material tests 
and monitoring as-built plans. 

Owner Surveillance 1S initially implemented by an 
owner review of the contractor’s CQC submittal, i.e., his 
organization chart, etc. Continued owner surveillance is 
carried out by monitoring contractor management, labor 
turnover, trends in plant performance, and trends in actual 
costs. 

At this point the plant owner will have established 
the following major components necessary for the proposed 
CM framework: 

(a) a comprehensive maintenance management program 
contained in a plant manual; 

(bd) a complete set of manufacturer's literature; 

(c) a complete set of as-built plans and specifica- 
rons + 

(dad) a MAU model; 

(e) a threshold evaluation envelope; 

(f) a corrective maintenance budget; 

(zg) a measure of maintenance effectiveness, Z; and 


(h) a CQC program. 
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The remaining step necessary to implement these 
components in a complete Ch contract is to meld them toge- 
ther into a comprehensive whole. This is accomplished by 
establishing each component as an element in the maintenance 
management program and entering each component's respective 
procedural guidelines in the plant manual and the contract 
detail specifications, where appropriate. When properly 
implemented in the plant manual, the total program logic 
appears as shown in Figure 6. The physical "mechanics” 
of the program is described in the maintenance management 
program and work input control mechanisms. The program 
functions are actualized and controlled through the moti- 
vating forces inherent in the CQC element and the honest 
reward element. 

When the owner has established a satisfactory com- 
plete CM contract document, he 1s then ready to request 
proposals from contractors interested in doing the work. 
Since the contract framework and incentive payment features 
are relatively complicated, it is considered prudent to 
award the contract through competitive negotiations so that 
any misconceptions can be cleared up during negotiations. 

In this regard, it is appropriate to discuss con- 
tractor compensation and the proposed FPI contract pricing 
arrangement, Ta = ™n, + Z(Cm - Cy). The owner's prior ex- 


pected value for contractor profit E(mc) is intimately re- 
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maced tO Mis prvor expected value for actual contractor 
costs and the expected value of Z. It is asserted that the 
target cost, Cn, negotiated by the owner is dependent upon 
his prior “expectation” of the actual costs, and further, 
that the target profit, mp, should be some percentage of 


oe) 


final negotiated target cost. Thus Cm and, accordingly, 
wp are dependent upon E(C,). 

Now since the owner has the necessary requirements 
information upon which to base a viable estimate of the con- 
tractor'’s expected actual direct costs, nis maximum allow- 
able target cost should exceed E(C,) only by a fractional 
amount that he feels is necessary to provide the incentives 
desired in the contractor. It is stressed, nowever, that 
the owner should reward the contractor for his ability to 
maintain a high Z factor and therefore the owner snould al- 
low some difference between the negotiated target cost and 
his expectation of the actual costs. 

In order to gain insight into how much the target 
profit should be and how much the difference between Cp and 
E(C,) should be, it is considered appropriate to use U.S. 
government FPI contracting experience as a guideline. Scher- 
sou, states: 

"It is customary for the government to award 
a higher negotiated target profit t to con- 
tractors who bear a relatively high financial 
risk--that is, who accept relatively high 


Values of Z--than to those who bear a smaller 
risk. Although other factors also affect the 
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value of tp negotiated, when they are held 
constant tm tends to be a monotonically in- 
creasing function of the sharing proportion, 
Z, chosen. For simplicity we shall assume 
Wp to be a quadratic function of 2: 


(5) Tn = Tp(Z) = k + hZ + m2e, 


Empirical evidence suggests that on the aver- 

age, k is equal to roughly 6 (that is, the 

fixed fee on a CPFF contract, Z = 0, averages 

6 percent of target cost). tm tends to reach 

a maximum of about 12 with FFP contracts (Z = 

Oye. 

So it would seem that a reasonable maximum for the 
target profit should be 6 percent of the target cost and a 
reasonable maximum for total expected profit, E(tc), would 
be between the 6 percent and 12 percent. The actual value 
should depend on how much “risk” the owner feels that he is 
Placing on the contractor through a tight “budget” and/or a 
restrictive expression for Z. 

Assume that the reasonable expected value for con- 
tractor profit was 9 percent. Then the owner should first 
determine his estimate of expected actual costs, E(C,) and 
negotiate a maximum value of Cp equal to 103 percent of 
mien). During negotiations, if the contractor is able to 
convince the owner that certain costs not considered by the 
owner are indeed valid costs then the owner should revise 
his expectation of Cy and, accordingly, Cn. 

When a final value for Cp has been negotiated, the 


owner should negotiate a value for mp not to exceed 6 per- 
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cent of Cp. Then, during the contract period if the con- 
tractor maintains a value of Z equal to 1.0 his prior ex- 
pected profit should be approximately 9 percent. 

With these concepts in mind it is apparent that the 
owner is placed in an advantageous position at the negotia- 
ting table. He has much of the same information necessary 
to prepare a cost estimate that the contractor has and 
therefore the E(C,) should tend to be equal for both par- 
mes. olnee the parties are negotiating Cm, the contractor 
desires to maximize the negotiated value for Cp because of 
his profit maximization motive and the owner desires that 
@meexceed E{C,) by, say, 3 percent because of contractor 
incentive motives. The owner, then, should be able to ne- 
gotiate downward to 103% of even), or a revised vais of 
E(Ca), from the initial contractor proposal for Cp. 

In conclusion, the implementation of a complete CM 
contract framework has been proposed that provides contrac- 
tor risk minimization features, features that protect the 
owner’s interests, and features that strengthen the owner's 
negotiating vosition. It is asserted that through the 
adoption of such a contract framework in future complete 
CM contracts, the ambiguity that currently exists between 
contractor decisions and owner interests in CM can be al- 
leviated and the owner can enter complete CM agreements 


with renewed confidence. 
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DESCRIPTION OF THE PLANNED MAINTENANCE 
MANAGEMENT SYSTEM 


a 


The objective of the Planned Maintenance Management System (PMMS) is 

to reduce the preventive maintenance of a large number of cquipmecnt items, 
many of which are complex, to a set of explicit, simple tasks which can be 
easily scheduled, managed, performed and recorded. The system: 


1. Reduces the maintenance of complex equipment to simple procedures 
which are easily identified and managed. 


2. Defines the minimum requirements of planned maintenance. 


3. Schedules and controls the performanceyof work tasks, inspections 
and tests. 


4. Describes the methods, materials, tools and personnel required. 
5. Provides for the prevention or detection af impending malfunctions. 


6. Provides a permanent record of equipment characteristics and a 
maintenance history. 


7. Provides periodic maintenarce summary reports to plant management. 


Although the PMMS is aimed at ensuring the systematic, timely, safe and 
complete accomplishment of equipment care and inspection, two factors 
must be emphasized. 


1. PMMS is a tool of management rather than a substitute for a manager. 


@. No system can substitute for the actual technical ability reauired of 
personnel who direct and perform the upkeep of equipment. 


It is important to appreciate the scope of the PMMS. For it to be effective 
in achieving the highest continuous level of plant performance, all of the 
plant equipment must be included in the PMMS. It is not sufficient to 
merely attend to the mechanical and hydraulic equipment; the PMMS must 
pay equal attention to electrical equipment, electrical controls, electrical 
supply substations, measuring devices, meters and recorders, alarm 
sensors and alarm indicators. 





The detailed description of the PMMS is contained in the remainder of 
this Section. First, the five basic parts of the PMMS are described, 

and then a number of special considerations (for municipel wastewater 
treatment plants) are discussed. : 


BASIC PARTS OF THE PMM5 


The five basic parts of the PMMS are: 


dM. The Equipment Conficuration List 

2. The Maintenance Procedures 

3. The Preventive Maintenance Cycle Schedule 
4. The Recordkeeping System 

5. The Maintenance Data Feedback System. 


The Equipment Configuration List 


The initial step in the development of the PMMS is the one-time accomplish- 
ment of a Complete inventory of plant mechanical end electrical equipment, . 
including a take-off of nameplate data utilizing Form Ml, shownin Figures 1 
Bua es On pages 22 and 23. The resultant inventory list is then restructured 
into the Equipment Configuration List by sorting into appropriate groupings, 
equipment related to each of the various plant unit process functions. Within 
each grouping, equipment is oriented by a numbering system cescribed below. 
Table 2 is a sample page from the Equipment Configuration List of the Lower 
Potomac Plant. 


Each itern of equipment in the plantis assigned a unique five-digit icentifica- 
tromostl)rumper. 1ne fivst three dipits ideatity the function of the equipment. 
Table 1 is the functional numbering system for the 18-mzgd Lower Potomac 
Wastewater Treatment Plant of Fairfax County, Virginia. The first digit 
identifies one of the major systems in the plant, the second identifies the 
subsystem anc the third identifies the particular function. For example, 
Beterrimng to.l2ote | 522 refers to all sludge pumping equisment in the sludge 
thickening erea, Lhe dizit 5 refers to Sludge and Scum Processing; the 
second digit, 2, refers to Sludge Thickening; and the third digit, 2, refers 

to Pumping. This functional numbering system was designed to be expandable 
both vertically, for more complex plants with more systems, subsystems 
and functions, such as AWT; and horizontally, for larger plants with more 
parallel items of equipment, or for plant expansion. 

The fourth and fifth digits of the ID number specify exactly and uniquely 
each item of equiprent, as illustrated in Table 2. The fourth digit identifies 
the piece of equipment within the functional unit—the drive, for excmple, 

in a pursp-motor-drive-controller unit; and the fifth digit identifies which 
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120 


1390 


140 


210 


220 


230 


310 


320 


3390 


100 Kaw Wastewater Station 


Primary Treaimert 


Secondary Treatrent 


Table 1, FUNCTIONAL 





Screening 

Ali Bar Screens 
112 Conveyore 
Grinding 

AZ1 Crindere 
Wastewater Fice 
A3L Pumping 

132 Valves and Gatee 

133 Wet Well Level Control 
134 Flow Measurement 
135 Pump Seal water 
136 Cor.preseed Aut 
Aumliary Serv:ces 

141 Sump Pumopiag 

142 Vent.lation 

143 Hoste 

144 Evectrical Supply 




















Primary Semicng . 
2:1 Taaks and Caee 
212 Stud;e Coslecture 

213 Scum Launitere 

Studge Harchisg 

221 Pamop-ng 

222 Pump Seal Water 

223 Fiow Measuremest 

224 Slotee Degrittiog 

Scum }iasdci-ng 

231 Purrp.rg 

232 Pura Seas Water 

23) Scurn Well Level Costral 
Aaniliary Services 
241 Samp Purmpiog 
242 Ventilation 

243 Hovete 

244 Electrical Supply 




















Aeration 
SLi Tanks and Cates 

312 Adjastadie Weirs 

313 Tank Air D.ffusers 

314 Incremestal Feed Channel Air Dillusers 
316 Tank a-d Feed Ccanrel Waser Sprays 
316 Mixed Liquor Fia~ Measarement 

317 Dilluser Sock Wasting 

Air Delivery 

321 Filtere 

322 Blowers 

323 Fiow Measurement 

324 Pressure Relief 

325 Channel Sparcer Air Delivery 

326 Compressed Aur 

Secondary Garifiere 

331 bfixed Liquor Cnrarnel Air Spargere 

$32 DBiixned Liquor Charnel Water Spraye 
333 Clarifier Mechareom and Gates 
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370 


380 


Charnical Treatment 


341 Floceutant Miung 


342 Flocculant Pumping 
Return Sludge 

351 Pumplog 

3$2 Pump Seal Water 

3$3 Reture Siudze Wet Well Lewel 
354 Dewatering 

35S Flow Measurement 
Exceee Sludxze 

361 Pumping 

32 Purp Seat Water 

3%3 Flow Measurement 

364 Dilutios 

Scum 

371 Scum Well Level Coatrol 
372 Scum Purrping 

Aamlsery Services 

381 Sump Purrping 

282 Ventilation 

383 Hoists 

384 Electrical Supply 


400 Chier(nation and EfNuent Flow 


419 


420 


436 


Chlori:aatioa 

411 Crlorine Ilandung and Weighing 
412 Evaporation 

413} Chlorinatore 

414 CNlorine Detectian and Venting 
415 Injectora and Diflusers 

416 Contact Chambers 

Residual Chlorine Analysis 

421 Analysers 

422 Anfluent Simerling 

423) Effluent Sampi:rg 

E(Muent Water 

@31 Weire and Cares 

@32 Level Meaisurement 

433 Petura Kater Purrpiog. High Lilt 
434 Return Water Pumping. Low Lift 
435 Pump Seal Water 

Auxiliary Servicee 

441 Samp Purping 

442 Ventilatioa 

443 Hoiets 

444 Electzical Sugply i 
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Table 2. SAMPLES FROM EQUIPMENT CONFIGURATION LIST 


$20 SLUOGE THICKENING 3 
| 


Siucdse ttickeaer No. | 41 
Siatge Thickerer No. 2 ii 
Gear hiuter No. I 33 
Ceat btor vo, 2 

Crara Drive Na. 1 

Cain Drew No. 2 

Ceasar Reducer, No. 1 

Gear Recucer, No. 2 
Ventitator, So. 1 Th.chevrer 
Wentilator, No. 2 Thichener 
Csatra:, No. f 
Corttrol, No. 2 














Daplex Flaurger Puma No. !} Job Nw 
Durlex Plurcer Pump No. 2 aE NE = 
Dus'es Plonowr Pump No. 3 Ji sw 
Dupes Plaager Pury Mo. 4 Ju se 
Hotere, Pump No. | 24 Nw 
Motor, Puma No. 2 3L NE 
Sfotor, Pump No. } P a © Sw 
Moszore, Pura No. 4 Df Pu sf 
Var-able Soeed Aeducer, Ma. I 3L ww 
Waraatie Sseed Recsucer, Nea 2 Job RE 
Varudie Sp-e4 Recucer, Na, 3 Bi ep Sw 
Variable Sacet? Retvcer, Na, 4 siete SE 
Cear Orive, ‘xa. 1 JL nw 
Ceae Drive, Na Z JL > BE 
Cear Grive, So. 3} A Ie sw 
Gear Ovive, No. 4 Z3L SE 
Fed:ction Gear tio. 3 L Nw 
Ret.ctioa Ceare Na. JL Nz : 
Reduction Gear Na > io * sw 
Hetuctron Cerr Na, 234 Si 
Cortral, No. | of 2s aw 
Coctrol, Mo. 2 ej J& x= 
. Control, No, 3} ie & sw 
Centrol, so. 4 ef 9% S= 





Theckened SscOerw bisgeetic f beerreter el 


Flow Transmitter el 
Influcot Siucze Channel Level Recorder} 63 





Location areas (refer to pages 5 and 6); 
J sludge thickening 


i. = plant shop and service building 
O = outside: c 
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of the paralicl] units is being specified. The numbcring system permits 
all sinnilar paralle] units to be grouped by the first four dicits, and it 
permits all equipment which operates together as a unit to be grouped by 
the first, second, third and fifth digits. 


The Equipment Conficuration List, based upon this numbcring system, 
adentifics all of the ecuiprnent in the plant In addition to the identification 
mumber and the common name, other information is provided. An equip- 
ment type number tells what the cquipment item is; for example, 33 means 
electric controls, resardless of the function of the item in the plant (Table A-1 
ef Appendix jilis the list'af cautprcnt tyne numbers for the Lower Potomac 
Piant). The locationtells the arca in the plant, the level within the areca 
(upper, middle, lower), the location within the area (N.W., S.E., etc.) and 

the relative location with respect to similar or parailel items. 


The Equipment Data List (illustrated by Table 3) auzments the main Equip- 
gent Coniguration List and is grouped by cquivment type. For each item 
of ecuipment, identified by its frve-dizit ID number, the Equipment Data List 
contains the manufacturer's name, the part or model numbcr and the serial 
number. 


The Equipmert Data List, with the equipment type number, is useful fer 
@xrOlping ecuiopment with similar maintenance requirements and with simular 
Spane par vserequicesmemts. bhis list is extremely Usesul in seerching for 
replacement units or paris in the event of a breakdown leading to aa emer~ 
gency Situation. .. 


ven more detailed data are tabulated in a similar fashion to augment tks 
Equipment Configuration List. Table +, a sarmle list fromthe Lower 
Potomac Plant, shows how puinps are separately listed with their head, 
Gapecity, Size, impeller and RPM and how clectric motors are separately 
listed with their horesepower, frame, MI, voltagc, amperage and aumber 
of phases. 


4m addition to these tabular equipment inventory lists, which should be kept 
at a ceotral location, the pertinent data for e2ch item of equipment is also 
recorded on a single shcet of peper, Form Ml, for easy reference (close 
to the equipment). 


Form Ml, "Equipment Reference Data,"'is an 8-1/2 x ll-inch permanent 
record for eachitem of equipme:t. Figures ] and 2 show both sides of 
morm 211, All descriptive data trom manufactarer's catalogs, drawines, 
bulletins and reference documents are transcribed onto Form Mi. This 
form has three special blocks for data should the itern of equipmert be an 
electric motor, a pump or a drive or reducer. For items of cquipment 
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Table 3. SAMPLES FROM EQUIPMENT DATA LIST 


23 Centrifegal Pumps 





Faissanks Morse $710 K201044008 
Favriar.ts Morse $719 RINL WN 4049 
Faudashs Péoree $710 R2IN1044078 
Werco Torque F Louw Mode] G €395610-3 
Wemcs Torque blow Motel G 8996102 
Wena-co Torgsre Flow atircel G €695610-1 
Wemco Torqie Flow Model E £575610-4 
Wesco Torgue Flow Mscel £ C€€95610-5$ 
Fairhucks Lerse Motel $720 P2N1034973 
Fairtarcks Morse Model $720 MINLO44I71 1 
Fairbanks Morse Model $726 K2N10442571-2 
Fairtanhs Morse $4238.25 K2N1004073 
Fairtapks Mosse £424) BM22104s072 
Farrtanks Moree $4249 cI N1O44372a3 
Eastera Ua~}4-E, 107-3 CJ3-04C2 
Faste rn G.-C, 107-3 | Cls-Cxo} 
Eastern OnoML, L073 | CI9~-1305 
Eacters U-s4-C, 107-3 | CJ8-0797 
Eastern U-34-C. 107-3 | CJ3-C909 
Eastern YJ-34-C, 107-3 | CJ5-C798 
Farrclacks Morse HIE YIN1IO44073—1 


3i Matars, Meteor aad Orrvw Ansermobiliece 


7BOP e835101C27-6207 
TeoP 6989 Bt91C2 7.6397 


Westir chouse 
Westinmghouse 


Seerhicg 
Sceslong 


Farha ts Morse 
Westcrrhouce 
US Varizrive 
US Wsricrive 
CS Varidcrive 


US Electrical 
US Electrical 
US Electrical 


Fairtarcas 


MHor re 


US Varidrive 
US Varidrive 
US Slectr cal 
US Etect. cal 


F PexF-23 

F ENT -1 

KZK, TIs4-2 
M 

VEY 

VEY 

vou 

ERHB 

ERHS 

Eris 

KZK, TIi9372 
VLUHVES 
VID HVES 
TRHP 

TRAP 


= 


2528-2 
@4A2524-1 
F 291039 
JIIPUTS A 
31421251 
D142 8249 
Jt421250 
Bizi73!} 
Bir2i7al 
BizZ178! 
F-4$73875 
P41776+4) 
PalLzT7542 
121781 
WZI733 








Table 4. SAMPLES FROM LIST OF ADDITIONAL 


EQUIPMENT DATA 


ADOITIONAL DATA FOR PURPS 


2°250 
46039 


= 156 
15 
169 
36 
t¢o9 
a7r> 

£290 

&¢250 





POTTS aL CATA FOR ELECTOISC waters 


8.5 


0.17 





Frame 


Ce | 
we fh 
i a 
oe: | 
Reon 
et) 

4 5P 
4-52 
aI2EIWY 
A325 27 
as?ser 
AZT 
213 
213 
fond OS 
Shey) 
Fag 


Cm 


3-52 
332 
By Cee 
3-59 
3255 
3253 
1773 
172-0 
1£c3 
so 
"ssc 
1eca9 
J1¢9 
31893 
1TSs 
1140 
1725 


VSUTS 


123.722) | 
leeree eel 
ilswce he 
11$72355 
11S$725° 
119/¢ 

rae Pe ae 
230 suAG 
215/=-*9 
Pp sO 
2tisnes 
21976454 
2397~69 4 
235/565 3 
237 =#3 
2223/5 H5 
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anuos 


6.2/3.4 
a an 
6.9/).& 
£.3/3.4 
4.2/3.6 
6.2/4 3-4 
223/114 
2c34114 
T2277 250% 
T2eT/ 350% 
T2e 772%. 
T2e7/ 39.4% 
13.3/6.48 
bh. a40685 
32141255 
2-9/¢6.55 
3.4 


v 
=z 


m= Ld bet Lo ted Ld be te bd es Ow ee oe ow be Oe 
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FGOVIOMEST REFER ESCE DATA 





ah Begtes: Paws 








“Ft Ot anew dts PR 





= 
Tope, Spewe, Same, Coperuiy, Sango 





Figure 1. Form Ml, Equipment Reference Data 
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PARTE LUST 





darm MMi Heverse)+54 id 


Figure 2. Form M1 (Reverse), Parts List 
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not falling into one of these common categories, the data is entered in 
the block at the botiuin of the form. The reverse side of Form M11 is for 
listing parts which are likely to be replaced. The basic purpose of © 
Form M)} is to provide an accessible file of manufacturer's data for use 
in the event of a brcanxdown, or a proposed modification or replacement 
The data on the form is also useful for ceneratiny am equipment inven- 
tory list and for planning a spere parts inventory. 


The Naintenance Procedures 


Each individual Maintenance Procedure (MP) is detailed on a nurnbered 
Maintenance Procedure Sheet (2.4PS), and: 


1. Defines the maintenance task in terms that allow all concerned 
to know what is required, who must perform, estimate of time 
required and how often. 


2. Standardizes the procedure and sequence for doing a job in the 
best known way. 


3. Expedites the accomslishrent of the task by stating the tools ard 
mnaterials needed and the safety precautions to be observed. 


4. Provides a concise and complete work instruction to the main- 
@eavance persosn-l in the work sp2ceé. The Sasic opjective ot the 
MPS is to be all inclusive. Reicrences to other publications are 
mot required sircce availahiity of outside rezerences other than 
mstructions posted os or rear the equipment cannot be assured, 


Por each €cuipment iter; in the pleat, dam MPS is included for each PM 
action. Since the m@istenance recuirements for parallel cnits are 
identical, the 2.1PS is ientitied by the tirst four digits only and is appli- 
axable to all equipment items with those first four digits. 


Each MPS has an edditional two-character code. The first character 
specifies the required frequency for the particular maintenance according 
to the following list: 


- D- Daily Q - Quarterly 
W—- Weekly 3 - Semiannuaally 
M+ Moantily A-~- Annually 


-R- As required 


The second character is the designated number of MPs to be performed 
at the specified frequency. 
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Examples of some MPSs are included in Appendix I ag Figures A-} through 
A-18. Avariety of MPSs are included to show the type and extent of the 
information included for different classes af equipment and maintenance 


actions. Each MPS contains: 


1, The number, the descriptive title and the frequency of the main- 
tenance action to be performed 


2. The skill level required to perform the maintenance... 


3. An average time required to perform the maintenance, not including 
"rake ready’ and "put away" time. 


4. The’ complete title, identification number, nameplate data and 
Jocation of the equipment to avoid any ambiguity over which item 
of equipment is to be serviced. 


5. The specific safety precautions to be observed when performing 
the maintenance action(s). 


$. Alist of tools, parts, materials and test equipment required. 


7. The individual step-by-step instructions for the maintenance 
action. The instructions are specific, stating which ctype of 
PiuSticant 15 ise. or What tosquc to use lor tichtesince bolts, etc. 
The first instruction is always arepetition cf the satiety precautions. 


A concise summary list of Maintenance Procedures (MPs) was generated 
Sorenabie the lWiaimtecence Enginees to rapidly identity the PM actions for 
@ach cnitin the plam. Table 51s 2 sarnple page ci the su=x=mary list of 
Maintenance Procecares for the Lower Potomee Plant, This sumcneary 
dists the operating unit, the description af the work to be performed fa- 
each Matmenance Precedure, the frequency of each Pf task, the man- 
power requirement by skill and tirme in minutes for each PM task, and 

a key which initiates the schedule for performing each PM task, This 
key is simply the first scheduled week number, not necessarily January 1, 
but the week selected for PMS start up, from which all other scheduled 
week numbers automatically follow. 





1. Daily and weekly MPs are, of course, scheduled for every week 
. from one to fifty-two. 


2. For monthly MPs, add tothe key number: 0, 4, 8, 13, 17, 21, 
26, 30, 34, 39, 43, 47. 





3211 
2131 D1 
$1223 D2 
Lidl Mi 


P3212 
4132 Q1 
QIIZA1 


1313 
1213 7 
4133 Q) 


#1214 
BII4 Al 
3124 A2 


@1321 
1121 Wi 


i122 
2122 341 
2122 Q1 
4322 A} 


2123 
3123 #2 
A373 


#1124 
aI24 Al 
3124 Az 


#1211 
1211 #3 
UZ11 Hs 
W211 322 


1212 
2212 Q1 
WZI2 AY 


#1213 
TZI3 Al 
1213 Az 


Orsi 
3311 ¥} 
2311 R1 
T3i2 Si. 


1332 S2 


yaauie 5. SAMPLE FROM LIST OF 
MAINTENANCE PROCEDURES 


(keyed to Maintenance Procedure Sheets [MPSs]) 


2 Tar Screen Mechanical Cleaner 
Lubmeaie bar screce 

Inspect cake essembly an? chain 
Jaspect counterweight shock absordere 


2 Mctor, Rar Screen Cleaner 
Clean em ctor end zerform elec. iaspetuce 
Lusricc:e motor 


2 Drive, Kar Screeo Cleaner 
Check. oa] level 
Change cl 


2 Cosztze}, Bar Screem Cleaner 
Clean ari itspect cortroiler 
Cleeo ant inspect remota coctrol ewitch 


3 Coaveyor, Bar Screen Cleenioge 
laspect ard lubricate cooveyor 


3 Mator, Conveyor, Ear Screen Cleanings 
Inepect ¢rive bel{s} tensicn 

Clean mc:or and perform elec. inepection 
Lubricate motor 


3 Drive, Coaveyor, Bar Screen Cleanings 
Check o:) iesel 
Change ou 


3 Contre), Conveyor, Sar Screes Cleacinge 
Clean and ineacect ecetroiter 
Cleas anc inspect remote controls seitch 


=- 


2 Grirder, Bar Xreen Cleanioge 
Lubricate griadger 

Inspect crive dbelt(s} tension 
Inspect grinder 


2 Mator aed Orive, Grinder, Ber Screee Clerniogs 
Clean motor ard perturm elec. sas pectioa 
Labdricete mocor 


2 Control, Grinder, Bar Screen Cleansage 
Ciean ac inspect cantrunier 
Clean acdinspeet remote ecrtrol switch 


3 Rew Wastewater Pumpa 
laspect pacing glascd adjustment 
Renew parang 

Lubricate pump beerings 
Lubricate coupliog 
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3. For quarterly MPs, add tothe key number: 0, 13, 26, 39. 

4, For semiannual MPs, addtothe key number:, 0, 26. 

§. For annual MPs, the key number is the scheduled week number. 
The Preventive Maintenance (P\{) Cyde Schedule 


The PM actions are scheduled for each of the 52 weeks of the year. 

Table 6 is a sample listing of the Liaintenance Procecures (MPs) scheduled 
for a particular week at the Lower Potcmac Plant. The list is generally 
Organized so that all MPs for a single unit in the plant are listed togcther 
for the purpose of assigning them to a sinsle team at atime. Hence, the 
unit need be removed from service only once. Furthermore, the schedule 
was generated to group MPSs onthe same unit, although of differing 
frequencies, during the same weeks. 


The actual work assignment on a daily basis is left tothe discretion af 
the foreman and plant management, since operational constraints, 
corrective maintenance work loads and employee absenteeism cannot be 


folly anticipated. 


‘During one week in each quarter of the year, only daily and weekly PM 
is scheculed. The remaining time may be used by the plant to catch up 
on delayed preventive and corrective maintenance, and may also be used 
to allow for periods af high abseatceissn (vacctions, Easter ween, 
Christmas week, etc.). 2 


In addition to a list of MPs for each week of the year, the schedule lists 
Rrmesdatiy end weealy tasxs s€o2zacely. Po augmiert the lists for each of 
the weeks, a master schecule displays the indivicual PM tasks for each 
Doercwse Waited the pliant tcr the «nmre year. This master schedule is 
part of the summary of Maintenance Procedures described previously 
(Table 5). An optional display in the form of a wall chart wonld enahle 
the Mz2intenance Engineer to see ata glance what the PM work load will 
be, or alternately, to see when PM is to be performed on any particular 
unit, 


The Recordkeeping System 


The recordkeeping system of the PXLIMS consists ef sixforms. Forms 

Ml and Mz are permanent records for each item of equipment, containing 
reference data and cumulative maintenance data, Form M3 is a temporary 
record of preventive maintenance actions, and Forms M4, M5 and M6 

are temporary records af corrective maintenance actions. 





4112 Ml 
411291 
1112 Al 
1113 Q1 


1114 Al 
1114 A2 
1334 M1 
2112 Mi 
2131 3441 
2132 Q1 
2132 Q2 


ZS Sk 
2155 4 
2242 Ti} 
Coole | 
23592 e 
Zo3c 13 
2332 Ql 
PER IEV ETSY | 
a2 oe 
5221 Nii 


Table 6. EXAMPLE OF WEEKLY PM SCHEDULE 


5272.01 
$224 Q1 
S225 (1 
5312 Mi 
5564 M1 
5571 Ml 
5573 Ml 
5531 M1 
55685 Ml 
aril Ot 
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522) Mz Si iz Qre 





Perform these plus all Daily and Weekly 
Maintenance Procedures (Ps), keyed to 
dfaintenance Procedure Sheets (MPSs). 
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Form 441), "Equipment Kefercnce Data,” was epohce previously and 
isa showz in Figures ] and 2. 


Form M2, the "Equipment Maintenance Record," provides an historical 
file of all PM and CM performed on a particular item of equipment. This 
8-1/2 x ll-inch permanent record, shown in Figure 3, will be useful in 
the event of a breakdown or an impending breakdown, and for an examina- 
tion of trends 2nd of any indications of cquipment cetcrioration with ime. 
Hach time a maintenance action is performed an ertry is mads an Form M2. 
The MPS mumber or the job number specifies, respectively, whether the 
action is PM or CM. The "Labor" entry is for recording the skill level, 
the initials of the mechanic and the actual manhours expended. The 
"Observations" entry is coded according to the list of Indicators and 
Modifiers, which is included as Table A-2. In addition to this coded 
entry, a descriptive statement can be made, when necessary, in the 
Peemars ana Dara)’ coluroa, “lhe “Volis,'* "Amps" and “Mecorms" 
entries are reserved ior maintenance on electric motors. 


Forms M3, M+ and M5 are temporary 5 x 8-inch records. Form M3, 
Figures « and 5, is a "Preventive Maintenance Work Record," which 
the mechenic uses while on the job to document that the PM work has 
been done and to record the labor expended and the measurements made. 
The checklist on Form 443 is used by the mechanic to indicate whether 
there was any irndic2tion of trouble curing the routine PM and inspection. 
iig@amvegmtne = iroenie  otes are cicc.ec, the -evrerse side of Form M3, 
Bate Dori Co Prose," is used Sy the mechanic to provice a cetailed 
explanzction. 


Form M3X, a variation of Form M3, is shown in Figure 6. This format 
is used for daily and weekly actions, and conserves the amonnt of paper 
handled by having multiple entries an ane form, In practice, this fo=m 
is prirtec on the back of the 8-1/2 x li-inch Maintenance Procedure 
Sheet, on Leavy card stock, whichis used repetitively until the available 
spaces are filled or until the cardis mutilated. Ar that point, a replace- 
ment is made. 


Whichever of the two Form M3 formats is used, and whether or not any 

of the ''Trouble" boxes are checked, the data from Form M3 is transcribed 
euto the permanent Form M2. If there is no "Trouble," Form M3 can be 
Siscarded once the PM data hzve been recorded. LIftrowhle has been 
spotted, Form M5 must be filled out to initiate CM action. 


Form M4, the "Equipment Malfunction Report," shown in Figure 7, serves 
a similar purpose as the "Report of Trouble" side of M3, except that M4 
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Figure 4 Form 43, Preventive Maintenance Work Record 
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- Figure 5. . Form M3 (Reverse), Report of Troxble 
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Figure 6 Form.NM3X, Variation of Form 1B* 
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*Summary of listing on reverse side of various maintenance procedure shects. 





Indication of Trouble 
OC) srokes part 

O Wore part 

2 Hea 

D Koice 
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C} Voltage 

DD Currect 

VD) Rosset amen 
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CD Preseure 
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‘B Starting 
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Roo UNC TION ReEPONT 


[] Heas/cold/weaher 
() Huridity/moserare 
Ti rsreiga odject 

DD Smee fvidt an on 

DH wear 

(J Ecuipmeat defect 

DD ser oper iastalanen 
CD improper hed acation 
C) imp reper operation 
DD cxser 


Sheck of equizgmesnt was 037 ed Ti 


aut ef aerwmce 


Form 344-$/72 


Figure 7. Form 4, Equipment Maliunction Report 
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is intended for use by plant operators or anyone else noticing a malfunc- 
tion (M3 is intended for use by maintenance mechanics while performing 
PHM). Completed Forms Mt should, of course, be promptly delivered to 
the Maintenance Department. Pads of blank M4 Forms should be in con- 
venient locations throughout the plant. 


Forms M5 and M6, shows in Figures 8 and 9, are for initiating CM 
whenever the "Trouble" side of Form M3 or Form M4 has been received 
by the Maintenance Department. Form 245, a 5 x 8mch "Corrective 
Maintenance Work Order," is prepared with cost and downtime cstimatcs 
when analysis indicetes that corrective action is required. This infor- 
mation is automatically reproduced, by the use cf carbon or NCR-type 
Paper sOn- oe treitop cc: lorm 0.) [he combined forms then are signed, 
and a job number is igsued, allowing the CM work to be initiated. At this 
Spointwethe forms dhe sepa-ated, Porm: Nid is retained as an open work 
order, while Form M6 is used by the field maintenance personnel. 


The lower half of !M6, whichis an 8-1/2 x ll-inch form, is used to record 
the labor, perts and materials used, descriptions and recommend2ticns, 
equipment status and spare parts availability, and actual corrective 
maintenance costs acd downtime. The maintenance foremz2n acd the 
Tequestor sign off onthe completed work. At this time, Form M5 may 
be discarded, An ap>ropriate entry is made on:'Form M2, and Form M6 
is kept in the permanent cquipment file with the Ml and M2 forms. 


The Recordkeening System has been constructed to secregate the coding 
and the peserwork irom the mechanics. The mechanics are given aporo- 
ristteen ie os Wa CO enicily id=.%i:y SoLn the €qt:p=ment and-procecurc 
mm commons language. The mechenics fill out Forms M3 (or M4) and M6, 
which are designed as simple checklists. No other paperwork burden 

is placed upon the mechanics, 


The Maintenance Dz2ta Feedback System 


#orm 2T?, shown as Figures 10 and 11, is a weekly maintenance sumcnmary 
report which is prepared by the Maintenance Technician for plant 
Management, There are three parts to Form M7: a Work Load Summary 
and a York Accomplished Strrmery on the front of the form, and a Correc- 
tive Maintenance Summary on the back, 


The Work Load Semmary corresserds to the balance sheet in a finarcial 
report. The new work load for the week is added to the old backlog for 
the total outstanding work; from this totalis subtracted the work accomp- 
lished during the week to establish the new backlog for the following week. 
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Figure 9. Form M6, Corrective Maintenance 
Work Order and Work Record 
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Figure 1D. Form Ni, ‘Weekly Maintenance Summary Report 
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A separate balance shcet is included for PM and for CM, and the new total 
backlog is shown. For the Work Load Summary, all manhours are expressed 
as “estimated'"' manhours. 


The Work Accomplished Summary corresponds to the income statement 
in a financial report The objective is to show the actual labor and the 
actual costs incurred during the week, 


The Corrective Maintenance Summary lists all CM work orders (Form 45) 
that were outstandiag at the besimming cf the week and those that were 
initiated during the week. Those items that were completed during the 
week are nected by en entry tathe "Completion Mate’ coluzmn. For plant 
management to decide which jobs to attack first, this Summary hsts an 
Equipment Status Code and a Priority Code for each job. The ''Remarks" 
column should be used for comments such as "awaiting spare parts." 


The weekly maintenance suv=m2ry report is prepared for plant management 
by the Maintenance Technician. The report is generated directly from the 
data in the Recordkeeping System. Aside from providing management with 
timely important data, the Feedback System is designed to relieve manage— 
ament of ary paperwork burden. 


. SPECIAL CONSIDERATIONS IN THE PAMS 


The Maintenance Techniciar 
The permanent records, the Indicators end Modifiers Cocé,. the PM Cycle 
Schedule, and the Equipment Cortiguranon numbering system do not cos- 
cern the mechanics in the performance of their work, Ali of the scheduling 
MnGerniotcor ne tor the PlIMS 16 periormcd by a Maintenance Techrician. 
3438' efforts may be strictly macnal in smaller plants, or he may use 
fomputers or other data processing cevices in medinum-to-large plants. 


The Technician pesition is essential to the successful implementation of 
the PMMS. It is the intention of the PMNS to remove the paperwork burden 
from the mechanics and from plant management, and to concertrate the 
paperwork and coordination of details upon the Technician. 


The duties of the Maintemance Tecthmician are 


1. To maintain and update a file for each item of equipment in the 
plant. The Technician records, on a continual basis, each pre- 
ventive maintenance action taken, The data recorded includes 
the date, a code cescribing what was done, the initials and labor 
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category of the mechanic(s), the labor hours corsumed, readings 
Or measuremests taken, and a coded entry af observations the 
mechanic will make regarding equipment condition. The Techrmician 
relieves the mechanics of any formal record-toking by transcribing 
his freestyle comments onto a permanent record. The Technician 
should thercforc be familiar with equipment and with maintenance 
procedures to cfifectively communicate with the mechanics, and 
should be capable of using codes for recording aud retrieval 


purposes. 


2. To record corrective maintenance actions and equipment modifi- 
cations inthe cquipment file. For corrective m2intenaace actions, 
the record will include labor hours, spare parts and purchased 
services, a cost for each item and for the total, the reasons for 
the breakdown, and suggestions for preventing similar breakdowns. 
The Technician is expected to understand and summarize the inputs 
from engineers 2nd mechanics. 


3. To maintain and update a file on equipment data, which will include 
type, model number, serial number, size, capacity, spere parts 
maumbers, etc. ; 


4. To prepare, on a weekly basis, the working copies of the PSs 
(for planned Pi actions) from a schedule and from armaster file 
of sheets. 


3. To retrieve and summarize data on ecuipment history, ecuipmert 
condition, maintenance history, maintenance costs, "and manpower 
requirements for the use oz: plant management. The Teehnician 
should be capable of providing meaninyuiul summaries to relieve 
management of the burden of examining large guantittes of data 
items. 


6. To identify and implement improvements to the maintenance system. 
Skills of Field Personnel 
Three categories of labor are involved under the PMMS: 

Skill. 1—Electrician 

Skill 2— Mechanic 

Skill 3—Utility Man 


Appendix I contains detailed job descriptions for these three labor categories. 
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In very small plants, a single individual gencrally performs all main- 
tenance (possibly in addition to plant operations), so that this individual 
Should have overall capability. Conversely, there is some trend today 
even in larfe plants to train maintenance personnel to perform both elec- 
trical and mechanical tasks, so that when 2 unitis taken out of service 

it may be completely attended to by a single man. This philosophy also 
aids in diagnosing malfunctions, where the precise cause cf trouble is 
mot readily apparent. This P)AMS was developed to differentiate between 
skills; however, itis useful whether or not a waStew2ter treatment 
plant differentiates between skills. 


‘For some plants, a separate instrumentation mechanic may be on the staff, 
To be most widely useful, this model PNIMS dic not assume that a separate 
skill existed for maintaining measurement devices and meters 2nd recorders, 
but assigned these tasks as appropriate to either Skill 1 or Skill 2. In actual 
practice at the Lower Potomac Plant of Fairfax Ceunty, an Instrumentation 
Technician was added to the staff midway throuch the demonstration phase 

of the program, The PM3S was rcadily adaptable to this change withoat | 
formally changing the PMMS5 paperwork, When the week's PM tasks were 
given to the maintenance foreman, he easily icent:fied those appropriate 

to the Instrumentation Technician. 


The Skill 3 category is labeled “Utility Man," end it indicates a lower 
level of experience than either Skill l or Skill 2, This distinction is 
extremely important in conserving the skilled manoower availeble for 
those tasks recuiring the hicher experience. Tabie A-3, the PM man- 
power requirement for the Lower Potomac Plant, shows that well over 
Dorper cert ci .se total Fi mankours 1s in the Skill 3 category, the cate 
gory where personnel should be more available and af lower cost. 


Consistent with the philosophy of this program to make the model PMMS 
most useful on a nationwide basis, no attempt was made to further break 
down Skill 3 into sub-sikilis perculiar to any plent or organizaticn. 


in actual practice at the Lower Potomac Plast, the bnilk of the Skill 3 

work has been accomplished by mechanics' helpers within the Maintenance 
Department. Several exceptions were made, with Operations personnel 
performing time-consuming tasks such as cleaning the sludze belt con— 
veyors (prior to Skill 2 inspection and lubrication) and draining and cleaning 
primary settling tanks, secondary aeration tanks and chlorination contact 


chambers (prioz to Sxill Z inspection). 


Many of the Skill 3 tasks consist of routine repetitive PM actions requiring 
@ minimum of judgement or special skills. At the option of the plant 
utilizing the PMMS5S, much of the Skill°-3 workload may be accomplished 
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by plant operators, rather than by agsiviucd persounel from the Maintenance 
Department. There are two sides to this question. In favor of sucha 
divisiou is the potentially significunt cost and manpower savings, since 
Skill 3 tasks comprise well over 50 percent of the overall work load. 
Against such a division are; 


4d. A division is made in pride und responsibility; i.e., in the sense 
of “ownership" of equipment by regular maintenance mechanics 
which was cvident zt Lower Potomac. 


2. An important feature of the rovtine repetitive PM actions is that 
maintenance personnel get around the plant on a regular dauly basis 
and are thercfore auick to spot any siens of impending trouble, 
Conversely, a shift opcrator m2y not be trained well cnouch to 
either notice the abrorinality or to assign proper significance 
to it. 


Judging by the tancible positive results at the Lowcr Potomac Plant, itis 
recommended that the Maintenance Department perform 23 much of the 
PMMS as is feasible within the very real constraints af the personnel 
availahle and the budget. 


Cross Reference With Desien Encineer's Code 





When an existing, operating plant such as the Lower Potomac Plant installs 
Serer thet co iio. te<© into account tr2t the decion encincer's 
equipment names and cedes nave Decome commonly used means for idena- 
Gfying ¢quioment The intrsductioa of a ncw nomenclature via the PMS 
does not change the commoniv useé nomenclature overnicht. Hence, the 
FPMMS must be structured so that the ccmmon names.of eqripment are 
-getained in the lists, procedures, schedules, etc. 


Io correlate this dual nomeccl2ture, a concise cross-reference list was 
prepared, Table A-4, for the Lower Potomac Plant, includes the desicn 
engineer's code for pumps, measurement transmitters and measurement 
receivers. Additional pumps in Area K are also included in Table A-4 
for completeness. 


Cross References for Remote Electrica! Controls and 
Remote Alarm Indicators 





Im addition to measurement receivers (meters and recorders), which 
were covered in the previous section, there are two other instances where 
an equipment item mnay be quite remote from its functionally opcrating 
unit. One instance is the remote electrical controls. Table A-5 lists 
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the MPS numbers corresponding to the operating functional unit ID number, 
eross referenced to one or more remote cont: ollers. Table A-6 cross 
sweferences alarm opcrating functional numbers to one or more remote 


alarm indicators. 


These cross-refcrence lists are to be used, of course, with the basic 
Equipment Configuration List, which provides data and location for each 
@quipment item. 


These cross references have been incorporated into the appropriate 
Maintenance Procedure Sheets. The remotc electrical controllers are 
scheduled to be serviced at the sarne time 2s the Pf on the process unit, 
while itis out of service. Observers are stationed at alarm incicators 
while malfunctions or abnormal conditions are simulated at the operating 


locations. 
Insulation Resistance of Electric Motors 


Since the insulation resistance of electric motors is very highly tempera- 
ture dependert, a means for standardizing measured values is needed. 
There are two reasons why these insulation resistance measurements 
mnust be macs when the motoris at ambient temperature: tirst, to avoid 
any 20precto ole termmoercturé grad-ents, €itner spatial or termaoral; and 
Becopu wincre is penerdliyoal, the capa jil:ty of measurine 2 comstent 
ambient termeratvre. Once the insulation resistence at a measured 
Srgoterete =n uses -Own, cirure 12 mics Se Used to correct this 
waloe to a standard 70 deg F valuc. 


Repainting of Plant Equioment 


Tke PMMS includes a detailed MPS for repainting plant equipment and 
piping. No formal schedule or mcznbocr estim=te is associated with this 
MPS since requirements depend largely upon location, service, climate, 
@tc.; and since the need for repainting is reacily apparent, 


‘Preventive Maintenance for Incineration 


The sludge incineration and auxiliary process equipment require special 
attention in scheduling and performing preventive and corrective 
maintenance. The plant desicn provided reduadant incinerator systems. 
Seach incinerator system amd its related equipment must be opzrated as 

@ unit except for the induced drait fans which can be temporarily bypassed. 
Table A-7 is alist of the sensitive equipment requiring special attention 
in the maintenance management system. Two categories of special pre- 
wentive maintenance have been identified: | 





Reaivtance Cortection Factor to 70° F. 
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INSULATION RESISTANCE CORRECTICON—multiply measured 
resistance correction factor 
SUinimum corrected resistance: 


Class A insulation, 40 megohms 
Class L insulation, 6 megohms 
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Figure 12. Corrections to Measured Insulation Resistance 
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1. Category A—The MP is to be performed without shutting down 
the equiprnent. 


2. Category B—The MP is to be performed with the equipment taken 
out of service, but it must be scheduled to coincide with a shut- 
down of the entire incinerator by coordination between AMfaintenance 


and Operations. 


Corrective maintenance may or may not require complete shut down af 

abe atiected incinerator gad the auxiuary equinoment, A judcemernt must 

be made by the Maintenance Department and coordinated with Oper2iions. 

In addition, should one unit not be in service for 2n extended period, the 
unit and its auniliary equipment should be exercised uncer full Maintenance/ 


Operations coordination. 


Table A-8 is a list of the MPSs in Category A, anc Table A-9 is a list of 
the MPSs in Category B. Table A-9 should be used as a checxlist to ensure 
inatoll scheduled hiros gre 2ceorplusnced when the incinerator is saut 


down. 


On each of the MPSs corresponding to Table A-8, there is a notation that, 
“This procedure is to be performed withont shuttinz down the equipment." 
On the MPSs corresponding to Table A-9, the notation reads, "This 
procedure is to be performed only when the entire incinerator has been 
etat down," 
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A. Seawater Conversion 


The Combined Seaiater Cmversion and Power Plant (Desalina- 
Bion Plant) is cammrised of a steen and condensate system, a power genera 
ting system and a seswater.cmversion system. ‘the steam and concensate 
Svotem inc lices tere =e Clcy 220,009 soimds per hour hign pressive 
Steam bollers, the olemnt energy conversim scurce, end all interconnecting 
Goricansers, DUsrs, Gistrizucicn lines, and condensate surge tenkxs that 
GGfbane the Ulree Dlaens Systems.) Lic cower generatimm system inclucss 
two Westinshicuse 7,500x/ turoine generators with low pressure process 
Steam extraction siztolying the ev2poretors' enersy saurce. ‘ihe seavater 
conversion system incluces three Westinmouse 750,000 gallons per cay 
muiltistaze flesh evenorators with brine recycle reheat ed chosphate/ 
acid scale covtrol. Sleure 5 provices a rudirentary scnmeretic of the 
corbined plent desicting rajor plant ccrnponents. 
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FIGURE 5. CONSINED SEAWATER CONVERSION & POWER 
PLANT. , 
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It is appropriate ncw to analyze the seawater conversion systen. 
The seawater conversion system serves four basic fimctions: (1) water 
procucticn to meet case consuTpc-cn, (2) water cuality control to ensure 
Woeemes te 02002 fOr Cees ewer ewe 5 al COmSic acca, 3) efficiency 
Cocmeiece on oVIGS fete) pe Occ oicd sich Fanitem cOmstiimticn of ene: 
and supoltes, and (4) corzesicn centre) to srotect the goverment 's 
investment in the planv. we snaii discuss now how the seawater conver~ 
sion system performs the four fimctions. 


- DUCTIGI - 


ineOlseiisoing tie Walter procuccicn function, 1% is helofiil first to 
have a clear understending of th2 heat and vressure reletionsnio between 
liquids and gases as transformaticn from licuid-to-cas or pes-to-liculd 
Paces) Dleceeane tCraestOmeciem 15 aixnavs accorpanied by e tremsier of 
medcrcalicGatieti vies pent On warcrlla, IG... Tne mesiuvuce of tne reat 
Cie eo ee eget os) (mG. ee oe On tO tne cressuce of the itculd, 
a2@., tne loser the cressure, the Isss heat required for vaporizaticn. 
At a Speciried enera content, a pure Liquid can exist in ecuilitriim 
Wrchetcs ve2On at Duclone Uressime. ics vador pressure. ‘This condition 
4s reached naturelly in the eartn's water cycle as the sim adds neat to 
Seanceer Unrous) rat aclon t2.cil the tacenc heat of vancrizaricn corre= 
sponding to atmespnmeric pressure is reached and water molecules escam 
fram the sea 25 Veper. | ime Ii72c 1s also reached throusn a sudden dzco 
in pressure above the Jictid. fs the cressure dross, the Ucuid will 
eiemorem 10s fede sco esoc a me 6O tS Ccullsbritca rst for the former pres— 
Sle Give. soueCeGesis Oly enGual tn [ermal enersy to exist in ecquilibriua 
with the gas at che rew lower pressure. The excess neevt transierred 
became ne Lala bPe-tse> Snore o ttc. [Or SUTSOLmaINS water soleciles 
givang them the enersy required to escese from the surface of the water 
encdibeceeeua Veo0r., ic Cea Ge seen, Enon, thas throu meni oulatins the 
Cie payecommen sean ea Sete Ol a J Guld cre Cen cenerave artificially: 
the conditions required to trarsfcra a liquid to a ges and then back to 
@ liquid again. 


The Guantenamo Seawater Conversion Systen utilizes the principles 
stated in converting raw seawater into high quality potable water. in 
enalyzing the reduction aspect of tre seawater conversion system, it 
is evident from the preceding parasrasn that three facilities are re- 

Gm stre taciigey for maniowlsting the eneray centént of the fluid, 

2) The facility for renipulatins the pressure of the fluid, and (3) the 
vessel or chanber camtainins the rrocess. . 


The Guantanamo Seawater Conversion units cemsist of two 15-stase and 
one 20-stes2 Multi-Stase Flash (“SF) évaporators. A general dlagraen of 
a NSF seavater camversion system is presented in Figure 6. 
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Figure 6. Seawater Cmversio System 


The evaporators receive raw seawater from Guentenam Bay end the 
energy content of the cool seawater or brine is bocsted throum the 


Brine Feh2ating System. the pressure of the heated brine is reciced 
Ehinouce) bia) Sys or2 lo-fi SZ Scccr System, and the process is camtained 


by the Evesorator Vessel. 1280 US sp first.to the evaporator vessel. 


Figure 7 provides a germenhic vlew of the cross-sectim of a typical 
Stage on one of the eveporetors. 
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EVAPORATING SERINE 





Figure 7.. Evaporator Stage Cress Secticn 
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The vessel illustrated in Meure 7 has four basic cemmonents: (1) 
the vessel shell, (2) the demister screen, (3) the neat recovery tube 
bundle, and (4) the croduct troush. ‘The vessel contains and aids the 
Process wiereby Orine travels fram svese to stase al increrventally 
decreasing pressures and releases its energy to achieve equilibrium at 
the new pressure. The excess emeray becomes the heat of varorizaticn for 
Strromiciieweser folsctiies wiicn im sum “flash” into venocor thus the 
Name tlasneevecorecos. Ineuwasc vecor travels to the ucper secticn 
Rane luie eons oen SsClosnwew aren Ie sc ves MISt. Ime vapor tren enccimters 
the cool heat recovery tunes, trensfers its latent heat of vaporization 
LOmtiomUloes wie accor cences- 5 lee cCordensace Or GiScillete then criss down 
into the product water trousn and is eventually piped into the Lase 
water system for constrpticn. 


The Brine Reheatins System comsists of a shell and tube heat ex-— 
changer which accepts “spent” steam extracted from the plent tirvines 
(see Figure 5) and, usins this as the eneray source, transfers neat to 
the brine enterinz S>om the heat recovery tube bundle of Staze vo. 1. 
fre wneaced biine 15 [nen Giscias-2c ince the lower secticn of the first 
and hottest staze, at a cressure lower than its equilibrits pressure, 
endecne flashine crocess becins. 


The Evaporator Air Ejector System (see Fisure 6) consists of a 
igh pressure ste2a nozzle asserbly that texes sucticn “of the 15th 
evaporator staze (the fins) end coolest staze) and vents to an inter and 
afterconzenser. “he ejectors raintain 29 in. Hs vacuum in tne 15th stase 
Soa oreced aS Secaes 250 TeleGeted 25 incrementally hicier vressures 
Chrous the parcial cressure of vener flashing at the increzentally 
higher brine enersy levels. 

We can visualize now cool seavater entering the eveooretor heat 
PeCOVery Sloe ec es 26d procesa.-= Choos, the everorecor continuously 
PucGnretsecne 1 -2mosevecc.2a-.G 9: 42 condensing sroduct. A final 
boost of heat to tne brine is received in the "brine heater". Then we 
See the hot brine pesin its odyssey Sr rom the lst stexze to the 15th 
‘Stene au aicremn ely Cécreasinz pressuses, continually ettesmcine to 
eee vomedumetcOr lls) Cec Sessc Cissus one tramsfer of heet and 
diesnige I1cO Vercors we wnen sce tre vapor giving up its heat of vapori- 
ZA eMeLOneDe cade 12COVe™y Gules end CondSssing to form the reguired 
product. 


- QUALITY CONTRCL = 


Through the fecilities discussed, the Guantanam Seawater Con- 
Werolonoys-ed fulililis the furicticn of water producticn. Secmd aly 
EO procucticon 1s the fimicticn of product water “quality control". 


Me mnysical tecllicy for providing product quality control in the 
@vapcretors is the cemister screens as wes shown in Fiscure 7. The 
Screens physically separate the condensing vrocuct water from the flashing 
Urine ana stop the tim'c:rer of any Orire dreolets carried with the water 
vapor. Chemical trestiient of the maxeup water entering the evaporator with 
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en enti-foauing esent further enhances quality catrol. ‘he anti- 
foaming azent, @5 its name implies, deters foaming in the hot brine and 
Medeces (Geel deca. Over ES che cos Scer screen. ime resuit of these 
Gualeyeceibagl -e-surss 15 ch? srociceccm of Cisciiisate free of the 
Semel s Gs ClC, 2 (clemestion, ema Sediim whicn ere so crevelent in 
seawater. heedless to say, the early indication of problems developing 
in the evaporator is an increase in chlorides in the product water. 


- EFFICIENCY - 


When Dee es and quality control are ensured, one paar 
Corea sh ase wom tme efi eclency of che system. In its simplest terss 
the 2 ede of the evacorator becomes the erfectiveness of heat 
transfe> to tre brine and the ability to recycle waste heat. The 
Guantearnam ayes recycle waste heat throum the "orine recycle system” and 
vaintain heat trensfer effectiveness throug the "acid feed and ragevap 
systexs”. 


Figure 6 shows rew seawater from GIMO Bay entering the 15th staze 
Guise Dimele end procescins chrsush stases 14 and 13 cernsecutively while 
Preclat- ns she Iazenc heat Oo: ve0oricacicn from che flesnins orine. 

At ieeGe 5G 0, 5cc2 15 oe Ol b> Scanever 1s charmeled into the 
rakeup lire (to be used to "sexe-up" fer the brine evaporated ins 

IProcucl weaver a0 Sri Giscic>eed to reduce saltrity concentrations 

(blowdo.n)) and the rest is rejected to waste. Secause mest of the water 

is rejected to waste, tne 13th, 1lsth and 15th stages are termed "heat 

reject st2zes" 


The makeup water then rcroceeds throush the maxerm line back to the 
Hower Secuiem of So2ee 15 wiere it is miked with tne retumins hichly 
Ballimerpiaestes Cliccicn., ie mixcure 7S then sumed cic of stece 15 
into the heat recovery Bisiglesol Seas 12 20 Conemiw= ics Odyssey throuch 
the evesoratcr. ‘Thus the weste energy concained in the brine in the 15tn 
Stage is recycled. 


The rethod throuzch which waste eneray is recycled and the effect of 
Reave lem ete OGG Suny one Crore / Cocoa cel CO;.5ic.95.01 15 of incerest 
in that ic is corsicered @ Prine source of pessible increases in evaporetor 
Cit) clemeyscqa Cemsesiions recucticn in water procuction cost Bgl gag p= 
respect, blowdt«n has a mojer €f226u om eve Dora or efStctency. AS the 
Water vercr evaporates fran the heated brine leaving cehind rineral 
residue the total solids and ae Cencent Of the recyclin= brine in= 
Gtecses E-o-ore cisliy. Continwcus blovdoan is recuir itred to Gist22rae ee 
centrated brine ard replace it with fresh maxeup water thus maintaining th 
pecyCle Calosi c= Coccencraticn at an eccepvable level. Experimental Bees ois 
has proven that the onptirim chloride level for recycle at wnich the evancrm 
@-obawilt On. aCe mes. effectively is acsre ximately B0,000 pers per fitiicn 
(Pri). Refer: ns back to Fimce 3 it is seen that Guantanamo seawater 
pes 2h ysc0 Prt chiosidss ime ratla cf recycle chlorides to Guantanamo 
seawater chlorides, then, oes CO). 25 ratio;, which is «cen as the 
Concentratian Factor (Cr), provides an inilcatar of salinity builcup in 
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the evaporators and guides the blewdcown requirement. Based cn exmexr 
irene dlesca blewGown 23 Dlosted eset st caicentretion factor in siscre 
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FIGURE 8. BLOWDOWN VS. CONCENTRATION FACTOR. 
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It is seen fron Figure 8 that bleosdown decreases exponentially 
Bs Ce tncreases. Using the 30,000 PPil upcer lindt on ow chloride 
level in recycle brine the Cr can be increased above the 1.5 level 
Oy oyeclivein= cre 2],cey Per. enlorice secxvater rakeup. COdviously, 
by cecreasins the maxeua chicrices, the Cr can be Increased to a 
theoretical lirtt of inSurty (blewdosm = 0) with a rakeup chloride 
level of zero (pure H20). 


The diiutio of eveporator seawater makeup with a low chloride 
water resource is an excellent arplication for wastewater reclaration. 
Low chloride treated wastewater cen be injected into the evecorator 
Pancuoerine tO allew 4 Sisiirica.e inereese in the concentration factor 
and resultant reduction In blowdawn without increasing the 30,000 Prif 


recycle salinity concentraticn. tre reduced blowcown will result in 
substantial energy end chemical savings for the eveporetors. 


Tet us now lock at the methods of maintaining heat transfer 
effectiveness in the Guantensm evaporators. As is seen in Figure 3, 
SeenaceG Con a. 7s Collies est s.c5 ©f sezun]ess im tne fora of soltale 
Calle teeta Sita) CAueG ces, Cersonctes, and suliates. At hich 
termeretures, these solupie saits will tend to baxe onto evenorator heat 
Wee SU cCoS rend (Omma mena Scale, Tne herd scale, im tum, re- 
G@uces w= Meas Crecsier €c=stletens of the heat tremsfer surfeces and 
consequently reduces the efficiency and cesacity of the evaporator. ‘The 
Provren pecs Cre Of Cecerin- tue formmacicn of scale in the evacorators. 


It has been standard cractica for decades tn the steon rcver in- 
Gustiey tO trea. bOller (22c.2cer wien snoseastes to fies herd scale. . 
MeenpmOsriate wih) yeace wien ce SoluD1S calciim or remesitm salt and 
fora aot css usollole Siucce easily removebie from cae system. By 
CacmPecmiSsOS15e.DL2 Che Se29 VUuTcner ana ecac sins it to seawater, the 
Gusnterem seawater raceup is treated with a shosznate camotnd ich’on es 
HAGSVAP?. Figure 6 shows the H2asevan feed system feadins the raxeus Line 
to the 15tn sctase wrere tne calciimz and ramesica salts are at their 
Bere s eee Caomura ew oem loc colr ly, the treeved Orame procsecs to the 
i2th star heat recovery tibe bundle to besin 1ts jourvey to the lst stage 
ercmpleie Meavsr ao Cyer tere ssing Cereratures but with the phosphate 
protectiqn against hard scale. 


To enhance the phosrchate treatment an additicnal chemical must be 
added to carry away the irsoluble sludzse. The sludse formed by the 
Phcspnase Creaczernc tencs to collect en the neat trensrer survaces and 
reduce efficiency and capacity in the evaporators after about a week of 
Opereticn. To recove the ecnering sludze the “evanorator acid feed 
Sysvem’ iJs ectivased to inject sulshuric acid into the eveporator rakeup. 
ime acid feed system is simaly an acid storere tank witn a srall pu 
and discharge line comnected to the seawater makeup line sham in Figure 


Through the use of the brine recycle system waste heat and chemicals 
are recovered and throums the use of the Hazevap and acid feed systers 
heat trensfer effectiverress is reintained. The problem of laeszing evap— 
Srators efficiency ncw becaves me of raintenance of these three systens. 
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-CORPOSION CQVTROL- 


Tet us tum now to the systen finction that presents the desalinsatim 
industry with the most problems and, when ineffective, adversely affects 
Procicclen waualicy central, aid efiiciency of the evenporetor: Corrosion 
control. 


Corresicn ray be c@fined as ". . .the destructim or deterlor ation Ot 


metal by direct chemicel or electrochemical reacticn with its envircrment". 
We knew thes certain retails raturelly Sea Corrs Csucl es foLc, “silver, 
Obicccrer:; wie relOre, ene COmOS 100) CCmc meee on Cecnes GaSe Of Selecu— 


ing the metals His eda(znlpsbate bere) oe be, some thes will least tend to ecrmdé, 
end to provice a sySvcem GS. will cocer che rei-ui's cirect reacticn with its 
envirawent. Needless. Se say, tre oe JESSEN: Morsecals J2stedq would 
exe eveporator constrsctiom eo Unes] Tevals tco exensive for crectical 
tse. he are faced, then, witn the preblem av camstructing cur e.aseras = 
Wactecre t-excensive alicys of fren a:d crovicing facilities for cetering 
the electrochemical rezctim of iron witn seawater. 


The @lement fron when placed in camtact with weter terds to so into the 
SOltciea Jim tne fori @7 eiscir cally cnexsea frm icns, buc, since the 
Solicion mst remain electrically neutral, woo] 225.0. ve 207s. Ca enter 
the solutim Cie eee ee ete ncem nee Of PCs-cl.e 1075 Ci SCre Omer 
element are sczenav disolaced. This, wren tron aS bleaceG on waces the 
elerernt imrediately ee Seer enen ss mie =) Wa Gt pc el> Gt tre izcn surface 
PSeapemen save Ss 022 {1 deo ees 2S Gane typical “srimeary reatt GL CoGI-oSsiai 
end may be expressed as follows: 


Fe + at aa ett + 2H 
Metal Ions Im Atos 


The activity of this primary reacticn will always Mm directly presortimal 
Po eb Ueieesa AC acul\ity on Une weaves... .tie preater the by e5Ceen Sen 
activity in the water, the more iors tnrere are to plate out end the rcre iron 
Ricumpeese=icONoClUalen. | hy GOsen 1ch) coclvity 1s rnomaally ceesiced in tems 
Otegenecverem 4 (el ca facce> tncicaces a lov nhycsoren icn activity ex 

Vice versa. Thus, to reduce the hycrozen icn activity in water end ceter the 
prirery reactim of Ger-c5IGn, Oe tacos aliCrease Wie fa raccor. 


After the primary reacttim, corroesim proceeds with the destruction of 
cemiyemceen tii. ies Geocens Im two weys: (1) In besic water (cH ebcve 
7), the hydrogen ‘corbines with exysen present in solution to form water, or 
(23 dm acielc wa-er (ex oelow 7) 15 esca>es 25 Dipdles of hycrozen gs. This 
brings us to the "secondary reaccicn of corrosia" which rey be expressed as 
follas: 


aH + 1/202 —~ H30 
Atars Dissolved Liquid 
or 


Atcrs Ges 
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Tese permit the prisary reaction to proceed with the acctrulation in the 
solution of rett++ wnicn is oxidized and precipitated 2e8 rust as follows: 


arett+ + 1/2-05 +120 —— > ret + 20H7 
Insolwle ferric hydroxide (rust) 


The secondary reaction ray be ceterred by simply remving the dissolved 
oxygen from the water and denying the plated hycregen atoms transportation 
bacx into soluticn. 


From the preceding analysis it is seen that the comes ton Control 
Mimictwcmueccres Ge Of ~wintalimine 2 nisi Fil cector ena/c> removing ais- 
Solved oxyzen from the water. Guantanamo seawater has QO vacucn Of 
feoumment ss a2 besic pa end reascnably Higs. The azaition of caustic 
enemicels such 25 sodiizma myaroxice to reise the oH fecsor of the seawater 
Wo ae iee sn ere nc eet wse GG oleas fl Previously ciscussed; tnerefcre, 
Calispice vee so hae U5ea 1m G@ilenvenanm CO Cater corosion. 


Olin Corr 0s 167 cena! fimcticn is cne of detersinz the secondary ccrro- 
Bicmureacctican thircus: the removel of cissol. se oxveen sron the waxeup water. 
momo eet Selo niG eos ous a wae) C2pessii.er’ Wilen neass che rmaxceud 
Wacem Woe) Soca a.0 Exceses 15 tO Vvetuca eee Wee le Cas cealnie ic 


throat Scruooln.” + IayS« Miem@eniss. 712m tu.t.ces the trincioles of 


Petia sien (ond whee Ss te wich issly tres the solusiity of a gas 
memoGiiiclen Ss (Git ecs yy esc >e rs Ore) CG ics Dressure anc inversely rro— 
Pomel tO les Cesceracure. fe 2252S removed in ine cemssifier are 


vented to the A 1sth s 2-2 2nd Susseclencly removed by the air 
ejector. Fefer to Finsre 6 and note that the cesessifer is located in tre 
raxeu) line eye Preaice 1 )e) Stans. 
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